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As the More-Electric Aircraft (MEA) has been identified as a major trend of 
future aircraft, the on-board Electrical Power System (EPS) will see significant 
increased numbers of Power Electronic Converters (PECs) and motor drive 
systems. In order to study the behaviour and performance of the EPS in MEA, 
extensive simulation studies need to be done during the system design process. 
This in return, gives the need to have computationally efficient and accurate 
models to reduce the design period. In this thesis, the Dynamic Phasor (DP) is 
used for modelling EPS in the MEA. The DP technique is a general averaging 
method and naturally a frequency-domain analysis tool. Compared with other 
averaging models, which is only efficient under balanced conditions, the DP 
model maintains efficiency under both balanced and unbalanced conditions. 
The DP technique has been widely used in modelling the constant, single 
frequency EPS. In this thesis, the DP technique is extended to modelling time-
varying frequency EPS. The application of DP in modelling a multi-generator, 
multi-frequency system is for the first time, developed in this thesis. The 
developed theory allows a wider application of the DPs. The developed DP 
model covers key elements in MEA electrical power systems, including the 
synchronous generator, control, transmission lines, uncontrolled rectifiers, 
PWM converters and 18-pulse autotransformer rectifier units. The DP model 
library developed based on this thesis allows the flexibility to study various 
EPS¶VE\LQWHJUDWLQJHOHPHQWVIURPWKHOLEUDU\A twin-generator aircraft EPS, 
which is based on the More Open Electrical Technology (MOET) large aircraft 
EPS architecture, is used to demonstrate the application of DP models. 
Comparing the DP model with the ABC model (models in three-phase 
coordinates) and the DQ0 model (models in a synchronous dq frame), the 
efficiency and the accuracy of the DP model are demonstrated under both 
balanced and unbalanced conditions. 
 
  
Contents 
IV 
&RQWHQWV 
CHAPTER 1: DEVELOPMENT OF MORE-ELECTRIC AIRCRAFT 
1.1 Introduction ............................................................................................... 1 
1.2 Conventional Power Systems in Aircraft ................................................. 2 
1.3 More-electric Aircraft Power Systems ..................................................... 6 
1.3.1 Evolution of the Aircraft Electrical Power Systems .......................... 6 
1.3.2 Boeing 787 Electrical Power System Architecture ......................... 11 
1.3.3 Electric System Architectures ......................................................... 13 
1.4 Modelling of Power Systems .................................................................. 15 
1.4.1 Multi-level Modelling Paradigm ..................................................... 15 
1.4.2 Studies of Functional Models .......................................................... 17 
1.4.3 Software ........................................................................................... 20 
1.5 Aim of Thesis and Thesis Structure........................................................ 22 
 
CHAPTER 2: INTRODUCTION OF DYNAMIC PHASORS 
2.1 Background ............................................................................................. 25 
2.2 Dynamic Phasors .................................................................................... 27 
2.3 Comparison of Different Phasors............................................................ 31 
2.3.1 Steady-state Phasors ........................................................................ 31 
2.3.2 Frequency-shift Phasors .................................................................. 32 
2.3.3 Dynamic Phasors ............................................................................. 34 
2.4 Introduction to Dynamic Phasor Modelling: A Simple Example ........... 35 
2.4.1 Dynamic Phasor Model of RLC Components ................................. 36 
2.4.2 RLC Circuit Simulation with Dynamic Phasors .............................. 37 
2.4.3 Comparison of Different Modelling Techniques ............................. 38 
2.5 DPs of Varying Frequency Waveforms .................................................. 42 
2.5.1 Phase-Based Dynamic Phasors ........................................................ 43 
2.5.2 Application of Phase-Based DPs ..................................................... 45 
Contents 
V 
2.6 Chapter Summary ................................................................................... 46 
 
CHAPTER 3: DYNAMIC PHASOR MODELS OF UNCONTROLLED 
RECTIFIERS 
3.1 Introduction ............................................................................................. 47 
3.2 Benchmark Model of the Diode Bridge .................................................. 50 
3.3 DQ0 Model of the Diode Bridge ............................................................ 51 
3.4 Dynamic Phasor Model of Diode Bridges .............................................. 55 
3.4.1 Dynamic Phasor of Vectors ............................................................. 56 
3.4.2 DC-link Voltages in DP Domain ..................................................... 58 
3.4.3 Accounting for the DC-Link Voltage Ripple .................................. 59 
3.4.4 Rectifier AC Currents ...................................................................... 61 
3.4.5 DQ0 to ABC Transformation in Dynamic Phasors ......................... 63 
3.4.6 Model Assembly .............................................................................. 63 
3.4.7 Model Validation ............................................................................. 64 
3.4.8 Error Analysis .................................................................................. 69 
3.5 DP Model of Auto-Transformer Rectifier Units .................................... 71 
3.5.1 Benchmark Model of ATRU ........................................................... 72 
3.5.2 DQ0 Model of the ATRU ................................................................ 73 
3.5.3 Dynamic Phasor Model of the ATRU ............................................. 77 
3.5.4 Model Validation ............................................................................. 79 
3.6 Conclusion .............................................................................................. 86 
 
CHAPTER 4: DYNAMIC PHASOR MODELS OF PWM 
CONTROLLED RECTIFIERS 
4.1 Introduction ............................................................................................. 88 
4.2 Dynamic Phasor Model of the CRU ....................................................... 90 
4.2.1 Developing the DP Representation of the Control System .............. 93 
4.2.2 Electrical Converter ....................................................................... 100 
4.2.3 Model Assembly ............................................................................ 100 
4.3 Model Experiment Validation .............................................................. 102 
4.3.1 Response to vdc Step under Balanced Conditions .......................... 103 
Contents 
VI 
4.3.2 Dynamic Responses under Unbalanced Conditions ...................... 105 
4.3.3 Dynamic Responses under Line Fault Conditions ......................... 108 
4.4 DQ0 Model of the CRU ........................................................................ 114 
4.5 Comparison of Simulation Times ......................................................... 115 
4.5.1 Simulation Schemes ...................................................................... 115 
4.5.2 Simulation Results ......................................................................... 118 
4.6 Conclusion ............................................................................................ 121 
 
CHAPTER 5: DYNAMIC PHASOR MODELS OF CONTROLLED 
MULTI-GENERATOR SYSTEMS 
5.1 Introduction ........................................................................................... 123 
5.2 Benchmark Model of the Controlled Wound-Field Synchronous 
Generator .................................................................................................... 128 
5.3 DQ0 model of the Controlled Wound-Field Synchronous Generators 133 
5.4 Dynamic Phasor Model of Controlled Synchronous Generators ......... 135 
5.5 Modelling of Multi-generator Systems ................................................. 138 
5.5.1 Multi-generator System Modelling in DQ0 Frame ....................... 139 
5.5.2 Multi-generator System Modelling with Dynamic Phasors .......... 142 
5.6 Model Validation .................................................................................. 148 
5.6.1 Twin-Generator System with RL Loads ........................................ 148 
5.6.2 Twin-Generator System with ATRUs ........................................... 152 
5.7 Conclusion ............................................................................................ 157 
 
CHAPTER 6: TWIN-GENERATOR AIRCRAFT POWER SYSTEM 
STUDIES USING DYNAMIC PHASORS 
6.1 Introduction ........................................................................................... 159 
6.2 Description of MOET Aircraft Electrical Power System ..................... 160 
6.3 Models of Electromechanical Actuator Drives ..................................... 164 
6.3.1 Permanent Magnet Synchronous Machine .................................... 166 
6.3.2 Switching ABC Models of PWM Converters ............................... 168 
6.3.3 Non-switching Model of PWM Converters ................................... 169 
Contents 
VII 
6.4 Simulation Studies of a Twin-Generator Electrical Power System ...... 170 
6.4.1 Power System Start-up and Normal Operation Studies ................. 171 
6.4.2 Fault Condition Studies with SG1 Loss ........................................ 181 
6.4.3 Line-to-Line Fault Conditions ....................................................... 187 
6.5 Chapter Summary ................................................................................. 193 
 
CHAPTER 7: CONCLUSION 
7.1 Summary ............................................................................................... 194 
7.2 Future work ........................................................................................... 196 
7.3 Publications ........................................................................................... 197 
APPENDIX I ................................................................................................. 200 
APPENDIX II ............................................................................................... 202 
APPENDIX III .............................................................................................. 204 
REFERENCES ............................................................................................. 205 
 
 
  
List of Figures 
VIII 
/LVWRI)LJXUHV 
Figure 1-1 Schematic conventional aircraft power distribution systems [7] ...... 2 
Figure 1-2 Typical bleed air system in aircraft ± left hand side ......................... 3 
Figure 1-3 Conventional aircraft electrical system architecture ......................... 5 
Figure 1-4 The estimated power distribution on Boeing 737 [9] ....................... 6 
Figure 1-5 Comparison of conventional and more-electric power system [7] ... 9 
Figure 1-6 Boeing 787 electrical power system ............................................... 11 
Figure 1-7 Boeing 787 electrical power distribution system ............................ 12 
Figure 1-8 MOET aircraft electrical power system architecture ...................... 14 
Figure 1-9 MEA DC power system layout ....................................................... 15 
Figure 1-10 The multi-level modelling paradigm [22] ..................................... 16 
Figure 1-11 Switched-inductor cell and its averaged circuit model ................. 18 
Figure 2-1 (a) Defined moving window at time t1 and t2, (b) equivalent periodic 
signal at time t1 ................................................................................................. 28 
Figure 2-2 DP calculator ................................................................................... 29 
Figure 2-3 An RL circuit .................................................................................. 31 
Figure 2-4 (a) the spectrum of a band limited signal (b) the spectrum of its 
analytic signal ................................................................................................... 33 
Figure 2-5 Spectrum of frequency-shift phasors xb(t) ...................................... 33 
Figure 2-6 Frequency-shift phasors of non-band-pass signals ......................... 34 
Figure 2-7 Illustrative spectrum of dynamic phasors for signals with higher 
harmonics .......................................................................................................... 35 
Figure 2-8 Transformation of RLC circuits from time domain to DP domain.(a) 
time-domain model; (b) DP model ................................................................... 37 
Figure 2-9 Comparison of simulation results of the RLC circuit from different 
models, (a) currents iL, (b) voltage vC ............................................................... 38 
Figure 2-10 Simulation EPS scheme for modelling technique comparison 
studies ............................................................................................................... 39 
List of Figures 
IX 
Figure 2-11 Phase currents flowing through resistor comparison among four 
modelling methods, with Line-to-Line fault occurs at t=0.2s .......................... 41 
Figure 2-12 Phase A current of the resistive load in different models in 
different domains .............................................................................................. 41 
Figure 2-13 Computation time comparison among four modelling methods, 
with Line-to-Line fault occurs at t=0.2s ........................................................... 42 
Figure 2-14 Phase based DP model of an RLC circuit ..................................... 45 
Figure 2-15 Phase A currents flowing through resistor comparison between DP 
model and ABC model with frequency ramping up from 50Hz to 400Hz during 
25ms .................................................................................................................. 46 
Figure 3-1 Three-phase diode bridge rectifiers simulation scheme ................. 50 
Figure 3-2 Switching model of diodes in the benchmark model, (a) diagram of 
a diode (b) switching model of diodes .............................................................. 51 
Figure 3-3 Switching functions of a diode bridge under ideal operation 
conditions .......................................................................................................... 52 
Figure 3-4 Three-phase diode rectifier with overlap angle resistance .............. 53 
Figure 3-5 Voltage and current vectors in the complex plane .......................... 53 
Figure 3-6 The diode bridge equivalent circuit in the dq frame ....................... 55 
Figure 3-7 Interface of DP model to the time-domain model on the DC-link 
side .................................................................................................................... 61 
Figure 3-8 DP model of the three-phase rectifier ............................................. 64 
Figure 3-9 Experimental configuration ............................................................ 64 
Figure 3-10 The DC-link voltage of the DB with a power supply fault 
occurring in phase A at t=0.2s .......................................................................... 65 
Figure 3-11 The AC side currents of the DB with a power supply occurring in 
phase A at t=0.2s .............................................................................................. 66 
Figure 3-12 The DC-link current, idc, the DB with a power supply fault 
occurring in phase A at t=0.2s .......................................................................... 66 
Figure 3-13 The DC-link voltage of the DB with a power supply fault 
occurring in phase A at t=0.2s .......................................................................... 67 
Figure 3-14 The AC side currents of the DB with a power supply fault 
occurring in phase A at t=0.2s .......................................................................... 68
List of Figures 
X 
Figure 3-15 The DC-link current, idc, the DB with a power supply fault 
occurring in phase A at t=0.2s .......................................................................... 68 
Figure 3-5HODWLRQVKLSEHWZHHQWKH'3PRGHO(UURUDQGȜ .......................... 70 
Figure 3-17 Front YLHZRIWKHUHODWLRQVKLSEHWZHHQWKH'3PRGHO(UURUDQGȜ
 .......................................................................................................................... 71 
Figure 3-18 Configuration of the differential-delta autotransformer ............... 72 
Figure 3-19 Configuration of an 18-pulse autotransformer rectifier unit ......... 73 
Figure 3-20 The voltage phasor diagram of the delta-type autotransformer for 
18-pulse operation ............................................................................................ 73 
Figure 3-21 The equivalent representation of an 18-pulse ATRU ................... 74 
Figure 3-22 Electrical circuit representation of DP model of an 18-pulse ATRU
 .......................................................................................................................... 79 
Figure 3-23 Phase currents flowing into the ATRU in the balanced condition 
with load change at t=0.1s ................................................................................ 81 
Figure 3-24 DC-link voltage of the ATRU in the balanced condition with load 
change at t=0.1s ................................................................................................ 81 
Figure 3-25 Phase currents flowing into the ATRU with line-to-line fault 
occurred at t=0.15s ........................................................................................... 83 
Figure 3-26 DC-link Voltage of the ATRU with line-to-line fault occurred at 
t=0.15s .............................................................................................................. 83 
Figure 3-27 Computation time comparison between different models with line-
to-line fault occurs at t=0.15s ........................................................................... 84 
Figure 3-28 Currents flowing into ATRU with line-ground fault occurs at 
t=0.15s .............................................................................................................. 85 
Figure 3-29 DC-link voltage comparison between different modelling 
techniques with line-to-ground fault occurs at t=0.15s. ................................... 85 
Figure 3-30 Computation time comparison between different modelling 
techniques with line-to-ground fault occurs at t=0.15s .................................... 86 
Figure 4-1 Structure of the PWM controlled rectifier ...................................... 91 
Figure 4-2 Synchronous frame PLL scheme .................................................... 91 
Figure 4-3 DSRF-PLL scheme ......................................................................... 92 
Figure 4-4 Frame considerations for development of the DP CRU model ...... 96 
Figure 4-5 DP domain model of the active front-end rectifier ....................... 101 
List of Figures 
XI 
Figure 4-6 Three-phase interfacing of the DP CRU model ............................ 101 
Figure 4-7 CRU validation scheme ................................................................ 103 
Figure 4-8 DC voltage in response to a step in voltage demand under balanced 
conditions ........................................................................................................ 104 
Figure 4-9 AC currents in response to a step in voltage demand under balanced 
conditions ........................................................................................................ 104 
Figure 4-10 DC voltage in response to a step in voltage demand under the 
unbalanced supply condition .......................................................................... 105 
Figure 4-11 Input currents in response to a step in voltage demand under the 
unbalanced supply condition .......................................................................... 106 
Figure 4-12 DC voltage in response to a load impact under unbalanced supply 
condition ......................................................................................................... 107 
Figure 4-13 Input current in response to a load impact under unbalanced supply 
condition ......................................................................................................... 107 
Figure 4-14 DC-link voltage in response to a step in voltage demand under 
open-circuit fault conditions ........................................................................... 108 
Figure 4-15 AC currents in response to a step in voltage demand under open-
circuit fault conditions .................................................................................... 109 
Figure 4-16 Dynamic response of vdc under line-to-line fault conditions; 
comparison between the DP model and the behavioural model ..................... 111 
Figure 4-17 Currents flowing into CRU, iabc under a line-to-line fault; 
comparison between the DP model and the behavioural model ..................... 112 
Figure 4-18 Current Flowing into CRU, iabc for a load change under line-to-line 
fault conditions; comparison between the DP model and the behavioural model
 ........................................................................................................................ 112 
Figure 4-19 Current Flowing into CRU, iabc for a the vdc change under line-to-
line fault conditions; comparison between the DP model and the behavioural 
model .............................................................................................................. 113 
Figure 4-20 DQ0 model of the CRU .............................................................. 114 
Figure 4-21 Circuit diagram of EPS for computation time comparison ......... 116 
Figure 4-22 Five different models for computation time comparative studies a) 
ABC model, b) DQ0 model, c)DP model, d) DQ0/int model, e) DP/int model
 ........................................................................................................................ 117 
List of Figures 
XII 
Figure 4-23 Models comparison: DC-link voltage transient due to a step 
change in the DC load under balanced conditions.......................................... 118 
Figure 4-24 Models comparison: DC-link voltage transient due to a step 
change in DC load under unbalanced conditions ........................................... 119 
Figure 4-25 Consumed computation time by different models ...................... 120 
Figure 5-1 generator electrical scheme ........................................................... 124 
Figure 5-2 The equivalent circuit for the generating system in aircraft ......... 125 
Figure 5-3 Multi-generator system in EPS of aircraft .................................... 126 
Figure 5-4 scheme of a synchronous machine ................................................ 128 
Figure 5-5 The equivalent circuit for the generating system in aircraft ......... 131 
Figure 5-6 The DQ0 model of the synchronous generator with the GCU...... 135 
Figure 5-7 DP model of electrical power generation system ......................... 138 
Figure 5-8 Multi-generator system configuration........................................... 140 
Figure 5-9 Different reference frames transformation.................................... 140 
Figure 5-10 Scheme of multi-generator system in the DQ0 frame ................ 142 
Figure 5-11 DP modelling of multi-generator systems .................................. 147 
Figure 5-12 Simulation scheme of a simple twin-generator system ............... 150 
Figure 5-13 Load currents comparison between different DP model and ABC 
model .............................................................................................................. 151 
Figure 5-14 Load currents ݅ܽ ? in the DP models ........................................... 151 
Figure 5-15 Twin-generator system with 18-pulse ATRUs feeding resistive 
loads through HVDC buses ............................................................................ 152 
Figure 5-16 Phase A current flowing into ATRU1 comparison between 
different models .............................................................................................. 154 
Figure 5-17 Phase A current flowing into ATRU2 comparison between 
different models .............................................................................................. 154 
Figure 5-18 DC-link voltage in the ATRU comparison between different 
models ............................................................................................................. 155 
Figure 5-19 The current flowing into the ATRUs. Above: The phase A current 
in DP model; below: currents in DQ0 model ................................................. 156 
Figure 5-20 The computation time comparison between different models. 
Above: computation time of ABC, DQ0 and DP models; below: computation 
time of DQ0 and DP models. .......................................................................... 156 
List of Figures 
XIII 
Figure 6-1 MOET aircraft electrical power system architecture .................... 161 
Figure 6-2 The EPS of the twin-generator aircraft ......................................... 163 
Figure 6-3 the structure of DC-fed EMA, AC-fed EMA and ECS ................ 164 
Figure 6-4 Vector control structure for the PMSM ........................................ 165 
Figure 6-5 Diagram of the PWM block .......................................................... 169 
Figure 6-6 Three-phase PWM generator ........................................................ 169 
Figure 6-7 The non-switching model of PWM converters ............................. 170 
Figure 6-8 Modelling of switches ................................................................... 172 
Figure 6-9 The dynamic response of vHVDC1 and vHVDC2. Above: response of 
vHVDC1; below: response of vHVDC2 ................................................................. 177 
Figure 6-10 The dynamic response of iHVAC1, phase A current flowing into 
ATRU1. Above: iHVAC1; below: zoom-in area of iHVAC1 ................................. 178 
Figure 6-11 The dynamic response of iHVAC2, phase A current flowing into 
ATRU2 Above: iHVAC2; below: zoom-in area of iHVAC2 .................................. 178 
Figure 6-12 Phase A voltage of HVAC buses, (a) vHAVC1 phase A of HVAC1 
bus; (b) zoomed area of vHAVC1; (c) vHAVC2 phase A of HVAC2 bus; (d) zoomed 
vHAVC2 .............................................................................................................. 179 
Figure 6-13 Dynamic response of drive loads, (a) Ȧr_ECS1 speed of PMSM of 
ECS1; (b) Ȧr_ECS2 speed of PMSM of ECS2; (c) Ȧr_EMA1 speed of PMSM of 
EMA1; (d) Ȧr_EMA2 speed of PMSM of EMA2 .............................................. 180 
Figure 6-14 Comparison of the computation time between three different 
models ............................................................................................................. 180 
Figure 6-15 The dynamic response of HVDC bus voltages, vHVDC1 and vHVDC2, 
with SG1 loss at t=1.0s ................................................................................... 183 
Figure 6-16 The dynamic response of ATRU terminal voltages, vHVAC1 and 
vHVAC2, with SG1 loss at t=1.0s ....................................................................... 184 
Figure 6-17 The dynamic response of currents flowing into ATRUs, iHVAC1 and 
iHVAC2, with SG1 loss at t=1.0s ........................................................................ 184 
Figure 6-18 The dynamic response of currents with SG1 loss at t=1.0s: iEMA1 is 
the current flowing into the CRU; iSG1 and iSG2 are the SG currents .............. 185 
Figure 6-19 The dynamic response of dc-link currents with SG1 loss at t=1.0s: 
idc,ECS1 and idc,ECS2 are the current flowing into the ECS1 and ECS2; idc,EMA1 is 
the current flowing into CIU of EMA1 .......................................................... 185 
List of Figures 
XIV 
Figure 6-20 The dynamic response of drive speeds with SG1 loss at t=1.0s: 
ȦrECS1 is the speed of ECS1; ȦrECS2 is the speed of ECS2; ȦrEMA1 is the speed of 
EMA1 ............................................................................................................. 186 
Figure 6-21 The EPS of the twin-generator aircraft with line-to-line fault 
occurring at t=1.2s .......................................................................................... 187 
Figure 6-22 The dynamic response of SG2 terminal voltages with a line-to-line 
fault occurring at t=1.2s .................................................................................. 189 
Figure 6-23 The dynamic response of HVDC bus voltages, vHVDC1 and vHVDC2, 
with Line-to-line fault occurring at t=1.2s. ..................................................... 190 
Figure 6-24 The dynamic response of dc-link currents with line-to-line fault 
occurring at t=1.2s: idc,ECS1 and idc,ECS2 are the current flowing into the ECS1 
and ECS2; idc,EMA1 is the current flowing into CIU of EMA1 ........................ 190 
Figure 6-25 The dynamic response of currents flowing into the ATRU1 with a 
line-to-line fault occurring at t=1.2s ............................................................... 191 
Figure 6-26 The dynamic response of currents flowing into the ATRU2 with a 
line-to-line fault occurring at t=1.2s ............................................................... 191 
Figure 6-27 The dynamic response of currents flowing into EMA1, iEMA1, with 
a line-to-line fault occurring at t=1.2s ............................................................ 192 
 
 
 
  
List of Tables 
XV 
/LVWRI7DEOHV 
Table 1-1 On-board electrical power generation ................................................ 7 
Table 2-1 DPs for some common functions ..................................................... 29 
Table 3-1 Dynamic phasors for voltage and current vectors in a synchronously 
rotating frame.................................................................................................... 58 
Table 3-2 Parameter for ATRU system simulation .......................................... 80 
Table 4-1 Dynamic phasors for CRU input voltage and current in 
synchronously rotating frame ........................................................................... 94 
Table 4-2 Experimental system parameters .................................................... 102 
Table 4-3 System parameters for simulation for line-to-line fault conditions 109 
Table 4-4 Simulation events under line-to-line fault conditions .................... 110 
Table 4-5 The set of parameters for the CRU in Figure 4-21 ......................... 115 
Table 4-6 CPU time taken for balanced scenario simulation ......................... 120 
Table 5-1 Dynamic phasor index used for DPABC model of the SG ............ 136 
Table 5-2 The set of parameters of the basic generator-load system ............. 149 
Table 5-3 Parameter for ATRU system simulation ........................................ 152 
Table 5-4 Simulation events in EPS shown in Figure 5-16 ............................ 153 
Table 6-1 The parameters of PMSM-EDVHG(&6¶VDQG(MAs ...................... 173 
Table 6-2 Rated power of equipment in the example EPS ............................. 174 
Table 6-3 Simulation scenarios of twin-generator aircraft EPS under normal 
operation conditions........................................................................................ 174 
Table 6-4 Comparison of the computation time between three different models
 ........................................................................................................................ 181 
Table 6-5 Simulation scenarios of twin-generator aircraft EPS under abnormal 
operation conditions........................................................................................ 181 
Table 6-6 Comparison of the computation time between three different models
 ........................................................................................................................ 187 
List of Tables 
XVI 
Table 6-7 Simulation scenarios of twin-generator aircraft EPS under abnormal 
operation conditions........................................................................................ 188 
Table 6-8 Comparison of the computation time between three different models 
(for 0.1s fault conditions only) ....................................................................... 192 
 
  
List of Abbreviations 
XVII 
List of Abbreviations 
AC Alternating Current 
APU Auxiliary Power Unit 
ATRU Auto-Transformer Rectifier Unit 
AVM Average-Value Modelling 
BAT Back-up Battery 
CIU Controlled Inverter Unit 
CRU Controlled Rectifier Unit 
CSD Constant Speed Drive 
DB Diode Bridge 
DP Dynamic Phasor 
DC Direct Current 
ECS Environmental Control System 
EEPDC Emergency Electrical Power Distribution Centre 
EHA Electro-Hydrostatic Actuator 
EMA Electro-Mechanical Actuator 
EMC Electro-Magnetic Compatibility 
EPS Electrical Power System 
FACTS Flexible AC Transmission System 
GCU Generator Control Unit 
HVDC High-Voltage Direct Current 
MCU Motor Control Unit 
MEA More-Electric Aircraft 
MOET More Open Electrical Technology 
PEC Power Electronic Converter 
PEPDC Primary Electrical Power Distribution Centre 
PLL Phase-Lock Loop 
PMSM Permanent Magnet Synchronous Machine 
List of Abbreviations 
XVIII 
PWM Pulse-Width Modulation 
SG Synchronous Generator 
STATCOM Static Synchronous Compensator 
TCSC Thyristor Controlled Series Capacitor 
UPFC Unified Power Flow Controller 
USSC Unified Series-Shunt Compensator 
WIPS Wing-Icing Protection System 
           
 
Chapter 1: Development of More-Electric Aircraft 
1 
Chapter 1  
 
Development of More-Electric Aircraft 
1.1 Introduction 
$LU WUDYHO KDV EHFRPH DQ LQHYLWDEOH SDUW RI WRGD\¶V ZRUOG *RLQJ through 
turbulent times with rising fuel price, the industry has been re-engineering 
itself to survive and counter the impact [1]. Given the fact that fuel prices are 
unlikely to remain stable in the years to come, governments worldwide are 
urging the industry to develop more efficient and cleaner solutions. The total 
contribution of aircraft emissions to total anthropogenic carbon dioxide (CO2) 
emission was considered to be about 2% in 1990 and this figure is estimated to 
increase to 3% by 2050 [2, 3]. With more and more concern about aircraft CO2 
emission, airlines are under pressure to reduce their carbon emissions by 
governments concerned about global warming. 
 
Research on alternative fuels has been on-going for decades, but none have the 
energy density of aviation fuel, which is essential since minimizing the gross 
weight of aircraft is critical for efficient operations. Synthetic fuels have been 
demonstrated on aircraft and are mentioned as an alternative. However, 
producing these fuels is far more energy intensive than common aviation fuel. 
Alternatives to fossil fuels are more practical with other forms of transportation; 
hence, the airline industry must focus on increasing efficiency [1]. 
 
Increasingly moving towards More-Electric Aircraft (MEA) is one of the few 
existing solutions available for the development of more efficient and 
environment friendly aircraft. The MEA has become a dominant trend for the 
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next-generation aircraft. Many functions which are conventionally driven by 
hydraulic, pneumatic and mechanical power will be replaced by electrical 
systems in the MEA, to improve the efficiency and safety of aircraft systems 
operation [4-6]. Compared with conventional aircraft, the MEA offers 
significant cost benefits with lower recurring costs due to fewer parts, 
integration of key sub-systems, and multi-use of components. It also reduces 
the overall cost of operation and ownership because its more-electric 
architecture helps reduce fuel consumption per passenger per mile, increase 
overall aircraft performance and energy usage.  
 
1.2 Conventional Power Systems in Aircraft 
Conventional aircraft architectures used for civil aircraft embody a 
combination of systems dependent on mechanical, hydraulic, pneumatic, and 
electrical sources. In a conventional architecture, the fuel is converted into 
power by the engine. Most of power is used as propulsive power to keep the 
aircraft in the sky and the remainder is converted in to four main forms of non-
propulsive power: pneumatic power, mechanical power, hydraulic power and 
electrical power, as shown in Figure 1-1.  
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Figure 1-1 Schematic conventional aircraft power distribution systems [7] 
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x Pneumatic Power 
The modern turbofan engine is a very effective hot gas generator and this has 
led to the use of engine bleed air for a number of aircraft systems. In the engine, 
the external air is processed by a multi-stage axial compressor, driven by the 
turbine before entering the combustion chamber. As shown in Figure 1-2, the 
air is commonly bled at two different stages of the compressor, a low pressure 
port at an intermediate stage and a high pressure port at a final stage. The low 
pressure bleeding port is normally open and the high pressure port is open 
when the pressure coming from the intermediate stage is not adequate or a 
considerable amount of air is necessary. A low flow rate can be extracted from 
the engine, between 2% and 8% of the total flow rate processed. Compressed 
air can also be extracted from a gas turbine Auxiliary Power Unit (APU), 
which allows operation of all pneumatic system when the aircraft is on the 
ground with engines off, in particular the Environmental Control System (ECS) 
and engine starting.  
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Figure 1-2 Typical bleed air system in aircraft ± left hand side 
The main uses of pneumatic power are environmental control and ice 
protection. The pneumatic system has advantages of simple design and high 
reliability. However, the bleed air reduces the efficiency of the engine since the 
process of heat exchanging leads to a lower thermal and energy efficiency. 
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x Hydraulic Power 
Hydraulic systems made their appearance on aircraft in the early 1930s when 
the retractable undercarriage was introduced [7]. In conventional hydraulic 
systems, there are normally two aircraft-wide hydraulic circuits installed on the 
aircraft, each of which is pressurized by centralised hydraulic pumps driven 
directly by the engine through a gear box. The hydraulic pumps deliver power 
to hydraulic actuators local to the flight surface through the hydraulic pipes. 
When the actuator receives a control demand from the pilot, the electrical 
hydraulic servo valve is moved to allow the hydraulic fluid to enter the actuator, 
making the piston within the actuator move in either direction. In this way, the 
actuator is pressurised such that the associated control surface is moved to 
satisfy the demand. The hydraulic system today remains the main power source 
for both primary and secondary flight controls, for landing gear deployment, 
for retraction and braking, for engine actuation and for numerous ancillaries [7, 
8]. Hydraulic systems have a high power density and are very robust. Their 
drawbacks are the heavy and inflexible infrastructure (piping) and the potential 
leakage of dangerous and corrosive fluid. 
 
x Mechanical Power 
The mechanical power in the aircraft is transferred, by means of mechanical 
gearboxes, from the engine to central hydraulic pumps, from the engine to local 
pumps for engine equipment and other mechanically driven subsystems, and 
also from the engine to the main electrical generator. The drawbacks of the 
mechanical system are the use of a heavy gearbox and its associated 
maintenance cost. In order to reduce friction of the bearings within the gearbox, 
extra oil pumps are used to make the oil circulate through rotating bearings 
within the mechanical system. 
 
x Electrical Power 
Electrical systems have made significant advances over the years with the 
development of power electronics and electrical drive systems. The use of 
electrical power structure in a conventional aircraft has been illustrated by an 
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electrical power system structure shown in Figure 1-3. Each generator delivers 
115VAC/400Hz electrical power to the main AC bus and controlled by its own 
Generator Control Unit (GCU). To generate the constant frequency AC power 
from the aircraft engine running at variable speeds, a Constant Speed Drive 
(CSD) is employed. The CSD in effect acts as an automatic gearbox which 
maintains the generator shaft speed constant with a variable engine speed as its 
input. This complex hydro-mechanical equipment needs to be correctly 
maintained in terms of oil charge level and oil cleanliness to ensure high 
reliabilities [7]. The 115VAC power is transformed to 28VDC power using 
Transformer Rectifier Units (TRUs). TRUs consist of a multiphase transformer 
and an n-pulse diode rectifier, where n=12 or 18, to reduce the ripple on the 
DC-link and to achieve the power quality requirements. The electrical loads 
supplied by the 28V DC bus are the avionics, cabin electronics and the back-up 
batteries. Other AC electrical loads, such as lighting, galley loads, 
entertainment system and auxiliary hydraulic pumps are directly fed by the AC 
bus. 
Avionics, Cabin electronics, 
Batteries
APU
GeneratorGenerator
AC Load
Hydraulic 
pumps etc
115VAC
28VDC
 
Figure 1-3 Conventional aircraft electrical system architecture 
The Figure 1-4 shows the estimated power distribution of the Boeing 737 
system. It is estimated that the propulsion thrust generates around 40MW for 
WKHIO\LQJSRZHUDQGWKHWRWDOµQRQ-WKUXVW¶SRZHUFRQVXPHVDURXQG0:RI
which the electrical power system consumes approximately 12% of the total 
µQRQ-WKUXVW¶ SRZHU 7KH HOHctrical power system thus plays a minor role on 
conventional aircraft. Since the electrical power system has many advantages, 
such as high efficiency, low maintenance, the application of advanced 
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diagnostics technology, the evolution of the use of more electric power has 
become a key technology trend which will dominate the design of the next 
generation commercial aircraft. 
 
Figure 1-4 The estimated power distribution on Boeing 737 [9]  
1.3 More-electric Aircraft Power Systems 
The More-Electric Aircraft (MEA) concept is based on utilizing electrical 
power to drive aircraft subsystems which historically have been driven by a 
combination of hydraulic, electric, pneumatic and mechanical power. 
Increasing use of electric power is seen as the direction of technologies for 
aircraft power systems due to the advancement of power electronics, fault 
tolerant electrical power distribution systems, electrical drives as well as the 
control theory. 
 
1.3.1 Evolution of the Aircraft Electrical Power Systems 
While the performance of the conventional hybrid non-propulsive power 
system has improved over time, it still represents a major factor in aircraft 
maintenance downtimes and failures. Towards the end of 1970s, the idea of the 
use of a single electrical type of secondary power arose and the United States 
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Air Force and NASA started a development and demonstration program called 
MEA. This program aimed to reduce or eliminate centralized hydraulic, 
mechanical and pneumatic power systems, replacing them with an electrically-
based system to improve the efficiency, reliability, maintainability and 
flexibility, and to reduce the operation and support cost of the aircraft. The 
requirement of electrical power will rise dramatically in the future aircraft with 
the advent of more new electrical loads such as the environmental control 
system, electrical actuation, landing gears etc., in accordance with the MEA 
concept. The on-board electrical power evolution trend over past few years for 
the main civil aircraft is shown in Table 1-1. 
 
Table 1-1 On-board electrical power generation 
Aircraft Electrical power  
A300 2×90kVA (1× Engine*) + 90kVA APU 
A310 2×90kVA (1× Engine) + 90kVA APU 
A320 2×90kVA (1× Engine) + 90kVA APU 
A330 2×115kVA (1× Engine) + 115kVA APU 
A340 4×75kVA (1× Engine) + 115kVA APU 
A380 4×150kVA (1× Engine) + 2×120kVA APU 
B737 2×90kVA (1× Engine) + 90kVA APU 
B747 4×90kVA (1× Engine) + 2×90kVA APU 
B767 2×120kVA (1× Engine) + 120kVA APU 
B777 2×120kVA (1× Engine) + 120kVA APU 
B787 4×250kVA (2× Engine) + 2×225kVA APU 
* n× Engine means one engine is driving n generators 
 
Numerous projects and initiatives have been funded by the Europe Union (EU) 
to explore the application of the MEA concept both to military and civil 
aircraft. In 2000, the Magnetostrictive Equipment and Systems for More-
Electric Aircraft (MESA) project was launched. This project aimed to reduce 
the power take-up and the weight of on-board aircraft systems through the 
development of magnetostrictive motors and actuators. Launched in early 2002, 
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the four-year Power Optimised Aircraft (POA) project aimed to qualitatively 
and quantitatively validate the ability of next generation aircraft equipment 
systems to enable the reduction in consumption of non-propulsive power [10]. 
In 2006 the More Open Electrical Technologies (MOET) project was launched. 
This project aimed to establish a new industrial standard for electrical design 
system of commercial aircraft, a standard which is applicable to business and 
regional aircraft, and rotorcraft as well. To create this new standard, MOET 
launched significant changes in power management and use, in conjunction 
with the reducing aircraft emissions and improving the operational capacity [11, 
12]. The EU CleanSky project aims to demonstrate and validate the technology 
breakthroughs that are necessary to make major steps towards the 
environmental goals set by the European Technology Platform for Aeronautics 
& Air Transport to be reached in 2020 [13].  
 
In the MEA, many functions which used to be driven by hydraulic, pneumatic 
and mechanical power will be driven by electrical power. This will not only 
increase the efficiency, but also improve the flexibility and availability of the 
aircraft system. The prominent features for the future aircraft are described as 
follows: 
(a) Bleedless Engine 
In the conventional aircraft, the bleed air is extracted from the engine and used 
for the ECS, cabin pressurisation and wing anti-icing systems. Figure 1-5 
illustrates the difference between conventional power extraction using bleed air 
on the left versus a more-electric version on the right. These architectures 
broadly represent the difference between the Boeing 767 (B767, left, 
conventional aircraft) and the Boeing 787 (B787, right, More-electric aircraft).  
 
The pneumatic power extracted from bleed air off the engine has been 
dominant for the past few decades. Even though it is convenient to extract 
bleed air from the engine, it is not without penalties. The bleed air reduces the 
efficiency of the engine since the process of heat exchanging leads to a lower 
thermal and energy efficiency. As the pressure ratios and bypass ratios increase 
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on modern engines, tapping bleed air off the engine compressor becomes 
extremely wasteful, dramatically reduces the engine efficiency and increases 
the fuel consumption [7].   
 
In order achieve high efficiency, the bleedless engine has been seen as the 
trend for future aircraft engines. In B787, the only bleed air taken from the 
engine is low pressure fan air used to perform an anti-icing function for the 
engine cowl. As shown in Figure 1-5, the ECS, cabin pressurisation and wing 
anti-icing systems are supplied by electrical power. Compared with 
conventional aircraft, the increased electrical power generation is 500kVA per 
channel instead of 120kVA in the conventional aircraft. 
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Figure 1-5 Comparison of conventional and more-electric power system [7] 
 
(b) Variable frequency generators 
The CSD used in the conventional aircraft is a complex hydro-mechanical 
device that is not highly reliable and reduces the efficiency [7]. The trend is 
that the CSD will be removed from the system. The generator will be driven by 
the accessory gearbox and produce AC outputs at a variable frequency 
proportional to the engine speed. There are considerable benefits of the VF 
system including higher efficiency, simpler engine design etc. This concept has 
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been used in the B787 and A380. In B787, each generator drives two 250kVA 
generators with variable frequencies. In A380, there are four 150kVA VF 
generators. 
 
(c) More Electrical Loads 
In future aircraft, a large increase in electrical on-board loads will arise in the 
EPS. The main more-electric loads include the ECS, the wing anti-icing system, 
Electro-Mechanical Actuators (EMAs) or Electro-Hydrostatic Actuators 
(EHAs) in flight control systems, etc. The ECS is one of the largest consumers 
of the electrical power, since there is no engine bleed air available. The air for 
the ECS and pressurization systems is pressurised by electrical means. In the 
B787, the ECS contains four large electrically driven compressors and the total 
power drawn is in the region of 500kVA. Non-availability of bleed air also 
means that the wing anti-icing system has to be provided by electrical heating 
mats embedded in the wing leading edge. In the B787, the wing anti-icing 
system is driven electrically and requires in the order of 100kVA of electrical 
power. The EHA uses the three-phase AC power to feed power drive 
electronics which in turn drive a variable speed pump together with a constant 
displacement local hydraulic pump. The EMA is a more-electric version of 
EHA since it replaces the hydraulic power actuation in the EHA with an 
electric motor. 
 
(d) Higher Voltages 
The move towards MEA means an increase in electrical power demand. 
However, the resulting levels of electrical power cannot be efficiently 
transported at the conventional voltage level. Continuing use of low voltages 
will result in unsustainable voltage drops as well as increased conductor size 
and weight. Use of higher level voltages thus becomes the trend for future 
aircraft. In Boeing 787, the main HVAC bus is set at 230VAC and the main 
DC bus uses ±270V.  
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1.3.2 Boeing 787 Electrical Power System Architecture 
The Boeing 787 is a big step toward the MEA. Virtually everything that has 
conventionally been powered by bleed air from the engine is powered 
electrically. As shown in Figure 1-6, the only bleed system on B787 is the anti-
icing system for the engine cowl.  
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Figure 1-6 Boeing 787 electrical power system 
The B787 is equipped with two engines each driving two 250kVA variable-
frequency generators. This enables elimination of the CSD and greatly reduces 
the complexity of the generator. In addition, the B787 uses the engine 
generator as the starter motor and this enables the elimination the pneumatic 
starter from the engine. Compared with conventional APUs, the B787 APU 
replaces the pneumatic load compressor with a starter generator. This results in 
significantly improved start reliability and power availability. The use of starter 
generators reduces maintenance requirements and increases reliability due to 
the simpler design and lower part counts. In terms of inflight start reliability, 
the B787 APU is expected to be approximately four times more reliable than 
conventional APUs with a pneumatic load compressor [14]. As there is no air 
feeding the ECS, cabin pressurisation and wing anti-ice systems are driven 
electrically. In the B787, four large electrically driven compressors are used to 
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pressurise the air needed for the ECS with a total power in the region of 
500kVA. The wing anti-icing function has been provided by electrical heating 
mats embedded in the wing leading edge with electrical power requirement in 
the order of 100kVA. Some of the aircraft hydraulic engine driven pumps are 
replaced by electrically driven pumps with total power requirement at 400kVA. 
This reduces the weight and improves the flexibility of the aircraft system. 
Another innovative application of the more-electric system architecture in the 
B787 is the move from hydraulically actuated brakes to the electric ones. These 
electric brakes significantly reduce the complexity of the braking system and 
eliminate the potential delays associated with leaking brake hydraulic fluid, 
leaking valves, and other hydraulic failure [14]. The locations of the main 
electrical equipment and the primary electrical distribution panels are shown in 
Figure 1-7. There are four main primary distribution panels, two in the forward 
electrical equipment bay and two others in the aft electrical equipment bay. 
The high levels of power involved and associated power dissipation generates a 
large amount of heat and the primary distribution panels are liquid cooled. 
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Figure 1-7 Boeing 787 electrical power distribution system 
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1.3.3 Electric System Architectures  
As the amount of electrical power in the future aircraft will be higher than that 
in conventional aircraft, the electric system will also involve different 
architectures. The power converters will be widely used in the future aircraft. 
As a result, the main bus will not necessary be the HVAC bus. Delivering 
power through the main HVDC bus is an option for the future aircraft since it 
has the advantage of using less cable compared with AC systems and reactive 
power is not required. A Hybrid system with both HVAC and HVDC buses is 
also a choice.  
 
Figure 1-8 shows the MOET aircraft electrical power system architecture [15]. 
Under this structure, each engine is driving VF generators which supply power 
to a 230V HVAC bus. The HVAC bus feeds the ±270V HVDC bus through an 
Auto-Transformer Rectifier Unit (ATRU). In the MOET architecture, the loads 
that are conventionally driven by pneumatic, mechanical and hydraulic power, 
are replaced by electrical systems. However, the conventional 115VAC, 
28VDC subsystems are still being used for the legacy equipment, lighting, 
galley and avionics etc.  
 
Figure 1-9 shows a possible MEA DC power system layout. The AC power 
from the two main starter/generators is transformed to DC power through bi-
directional AC/DC converters. The flight control actuation system, the ECS 
and the actuators are driven electrically through DC/AC converters. The main 
advantage for the DC system includes less cable weight as it only requires two 
cables instead of three cables. It also decouples the generator frequency from 
that of the main distribution system [16]. Furthermore, DC distribution readily 
permits the paralleling of multiple generators onto a single bus [17] and 
enables the application of variable-frequency power to be more convenient. 
The choice of DC power distribution, however, is also associated with some 
issues, for example: the safety aspect requires safe isolation of power buses 
carrying fault currents [18]; the demanding protection requirements under fault 
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Figure 1-9 MEA DC power system layout 
1.4 Modelling of Power Systems 
No matter which EPS scheme is chosen, the use of a large number of Power 
Electronic Converters (PEC) will be inevitable. These PECs and their control 
systems will lead to significant challenges for EPSs designers. In order to 
ensure system stability, availability and power quality issues, the modelling 
and simulation of the EPS is required. 
 
1.4.1 Multi-level Modelling Paradigm 
Modelling of the electrical power system element has been studied for decades. 
The model required for EPS studies is always dependent on its application. 
Figure 1-10 categorises the EPS model into four different levels: architecture 
level, functional level, behavioural level and component level [21]. The 
complexity of the model increases from the top architecture-level models to the 
bottom component-level models. 
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Figure 1-10 The multi-level modelling paradigm [22] 
(a) Component level 
The bottom component layer aims to model behaviour of components within a 
subsystem, especially critical components. Component models cover high 
frequencies, electromagnetic field and electromagnetic compatibility (EMC) 
behaviour, and perhaps thermal and mechanical stressing. The modelling 
bandwidth of component models can be up to in MHz region if required. 
 
(b) Behavioural level 
The model in the ³behavioural´ layer uses lumped-parameter subsystem 
models and the modelling frequencies can be up to hundreds of kHz. Models in 
this level cover the converter switching behaviour and the impact of harmonics. 
The nonlinearities and the dynamics of the subsystem up to the switching 
frequency are preserved in the behavioural model. 
 
(c) Functional level 
The next level is generally known as the functional level where system 
components are modelled to handle the main system dynamics up to 150Hz 
and the error should be less than 5% in respect of the behaviour model 
accuracy [22]. The functional-level model is targeted at the study of overall 
power system performance, stability, transient response to loading and start-up, 
and aims to model the power system either in its entirety or in sections 
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sufficiently large to obtain a holistic generator-to-load dynamic overview. 
Since the model complexity of the functional model is reduced, the 
computation time of the functional model is aimed at that approaching the real 
simulated time. The model developed in this thesis will be targeted at this level 
and a model library suitable for the simulation study of the future MEA power 
system will be established. 
 
(d) Architecture level 
The top architectural layer computes steady state power flow and is used for 
weight, cost and cabling studies [23]. The model in this level also allows event 
modelling such as bus configuration and step of loading, and reliability, 
stability and availability studies. The architectural models are the simpler ones 
and are representative only of steady state power consumptions. 
 
1.4.2 Studies of Functional Models 
Modelling and simulation of EPS are essential steps that enable design and 
verification of numerous electrical energy systems including modern electric 
grid and its components, distributed energy resources, as well as electrical 
systems of ships, aircraft, vehicles and industrial automation. With the increase 
use of power electronic devices, it is impractical to simulate and study such a 
complex system with detailed component-level device models or behavioural 
device models. As these models include high bandwidth components, from 
kHz to MHz, very small simulation steps and a huge amount of computer 
memory are required. This leads to significant simulation time and makes the 
large-scale EPS simulation at these two lower levels impractical. In addition, 
these two lower-level models are discontinuous and therefore are GLI¿FXOW WR
use for extracting the small-signal characteristics of various modules for 
system-level analysis [24]. The above challenges have led to development of 
average modelling techniques; these can be categorised at the functional level.  
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The Average-Value Modelling (AVM) method removes the effect of the 
switching behaviour of the power electronic device using the dynamic average 
values of the variables. Due to fact that the switching frequency of the 
electronic power converters is much higher than the system dynamics, the 
system-level study can be conducted with the G\QDPLF DYHUDJH YDOXH GH¿QHG
over the length of a switching interval, instead of looking at the instantaneous 
values of currents and voltages that contain ripples due to switching behaviour 
of PECs. The dynamic average value of a time-domain variable x(t) is defined 
as 
³

 
t
Tts s
dttx
T
x )(1
                                         (1-1) 
where Ts is the switching period. For the DC/DC converters, x(t) may represent 
the input or output voltage v(t) and current i(t). The AVM of PWM DC/DC 
converters can be given in either an analytical or equivalent circuit form using 
the definition (1-1). Theoretically, these two forms of models are equivalent for 
any given converter topology. As shown in Figure 1-11, the left side shows a 
switched cell commonly used in a DC/DC converter; the right side shows its 
equivalent circuit. In the average model, the switch pair, an IGBT and a diode, 
is replaced with dependent sources which are functions of the duty cycle and 
WKHDYHUDJHGYDOXHVRIWKHFHOO¶VWHUPLQDOYDULDEOHV[25, 26].  
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Figure 1-11 Switched-inductor cell and its averaged circuit model 
In the analytical AVM for the PWM DC/DC converter, the state equations for 
each topology within a switching interval Ts are firstly obtained. Using (1-1), 
the final average model is then derived from the weighted sum of the state-
space equations for different subintervals. 
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This concept of averaging has also been extended to modelling AC/DC and 
DC/AC converters. However, instead of directly averaging of the AC variables 
using (1-1), the AC side variables are transformed to a synchronous rotating 
reference frame, referred to as the dq frame [27]. In the dq frame, the three-
phase AC variables are transformed so as to be composed of a DC (constant) 
term and high-frequency ripples with the same switching interval. Because the 
variables have the DC component that is constant in the steady state, these 
variables can be used for averaging using (1-1). Compared with original signals, 
the DC-like averaged signals allow the variable-step solver to choose bigger 
simulation steps under the same tolerance condition. 
 
Instead of deriving the AVM model by averaging variables after the dq 
transformation, the calculation of AVM models of AC/DC or DC/AC 
converters can use the converse process, i.e. pre-processing the AC variables 
and then using the dq transformation. This method neglects all the switching 
higher harmonics and only considers the fundamental component of the AC 
variables and the switching functions. The variables on the AC and DC sides 
are related through the fundamental components of the switching functions. 
The application of the dq transformation on these fundamental components 
gives the AVM model of the AC/DC or DC/AC converters. This method will 
give the same result as that obtained from the first one and is more applicable 
in the modelling of an EPS. In this thesis, it will be referred as the DQ0 
modelling technique. The DQ0 modelling technique is based on the fact that 
the DC component in the d and q axis is only derived from the fundamental 
components of the AC variables. The DC component of the DC-side variables 
is also only dependent on the fundamental components of the AC-side 
variables and the switching functions. The DQ0 model has been successfully 
used in the modelling of MOET aircraft EPS [9, 22, 28-30]. There the DQ0 
model has been proved to be an effective way to study a large-scale EPS with 
high accuracy and computation efficiency, especially under balanced 
conditions where the DQ0 model simulates more than 1000 times faster than 
the corresponding behavioural model. It is, so far, one of the most efficient 
models in EPS studies [9]. In this thesis, the DQ0 model is used for comparison 
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studies. The efficiency of the DQ0 model, however, decreases dramatically 
when the system is under unbalanced conditions. This is due to the negative 
sequence present in the system. In the DQ0 model this negative sequence will 
become the second harmonic in the d- and q-axis variables. Since the dq 
variables are no longer constant in the steady state, the simulation speed 
becomes much slower and is comparable to simulating with non-transformed 
AC variables. 
 
An alternative approach that can address this problem is to use dynamic 
phasors (DP) modelling, also referred to as the general averaging model [31]. 
The DPs essentially are time-varying Fourier series coefficients. This method 
can model not only the fundamental component but also higher harmonics in 
the system. Considering the significant harmonic components, the DP model is 
capable of retaining the dominant dynamic features of an EPS and is ideally 
suited for functional non-switching EPS modelling. Under balanced conditions, 
the DP variables are complex DC quantities which allow big steps during the 
simulation process and make the DP model very efficient. Under unbalanced 
conditions, the three complex DP variables (one per phase) are still DC valued 
and will result in much better computational performance compared with the 
DQ0 approach. This thesis will thoroughly discuss the application of the DP 
concept in modelling electrical power systems. The concept of the DP and its 
benefits will be fully discussed in the next chapter.  
 
1.4.3 Software  
The software chosen in this research is Dymola, standing for dynamic 
modelling laboratory. This software uses the open Modelica modelling 
language which allows users to freely create their own model libraries or 
modify the ready-made model libraries.  
 
Dymola provides a number of different integration algorithms for the 
simulation of dynamic systems, including LSODAR, DASSL, Radau IIa etc. 
These algorithms can be categorised into variable step size and fixed step size 
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integration algorithms. For the variable step size algorithms, the solver 
estimates the local error at every step. The integration step size is chosen in 
such a way that the local error is smaller than the desired maximum local error, 
defined via the relative and absolute tolerances. That is: 
  
 absoluterelativelocal tolerancextoleranceerror u                  (1-2) 
This implies that, if smaller tolerances are defined, a smaller step sizes will be 
used. In other words, a variable (or adaptive) step size implies that the 
algorithm adapts the step size to meet a local error criterion based on the 
tolerance [32]. 
 
Modelica is an object oriented modelling language for component-oriented 
modelling of complex systems. This language is developed under open source 
license since 1996 by the non-SURILW0RGHOLFD$VVRFLDWLRQEDVHGDW/LQNऺSLQJ
University, Sweden. Now this language is widely used in automotive, 
aerospace, robotics and other applications. Many free Modelica model libraries 
for different physical domains are also available. The Dymola/Modelica 
standard library contains a large collection of components to model analogue 
and digital electronics, electrical machines, thermal and rotational mechanical 
systems, as well as input/output control blocks. 
 
In contrast to data flow-oriented languages with directed inputs and outputs, 
such as the widely known Matlab/Simulink tool, Modelica employs an 
equation-based modelling technique and all the variables are treated equally. 
This avoids algebraic loop issues. The equation-based modelling concept also 
results in a faster modelling process and a significantly increased re-usability, 
since the interconnection between models is easier and simpler than that of the 
signal-flow based modelling. There is no need to explicitly define the interface 
equations and predefine the input and output signals.  
 
In Modelica, each model can contain several sub-models at different modelling 
levels. This means one system architecture only has to be built once and can be 
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simulated at different levels of accuracy and at different speeds depending on 
the purpose of the study. Results can be compared and validated between 
different levels of modelling [33].  
 
1.5 Aim of Thesis and Thesis Structure 
The aim of the thesis is to develop functional DP models suitable for the future 
MEA electrical power systems studies. Specific objectives of the DP model in 
functional modelling layer are summarized as follows: 
x Deriving the functional DP models to maximize the computational 
efficiency but meet the accuracy criteria, under both balanced and 
unbalanced conditions. 
x Developing a library of DP models common to a large number of aircraft 
electrical power system architectures in Dymola/Modelica software 
package. 
 
In order to accomplish the research objectives mentioned above, this thesis is 
organized into seven chapters. The structure of the thesis will be outlined as 
follows: 
 
Chapter 1 is the introduction to the thesis which shows the motivation of this 
research. The trend of moving from conventional aircraft to more-electric 
aircraft is explained. Different modelling techniques are reviewed and the 
multi-level modelling concept is introduced in this chapter. Models in the 
functional level are introduced and the move to the DP model is explained. The 
thesis layout is also outlined. 
 
In Chapter 2, the DP concept and other different phasors, including the 
traditional phasor and the frequency-shift phasor, are introduced. In addition, 
the DP concept, for the first time, is extended to modelling the time-varying 
frequency system and a practical implementation is proposed. The proposed 
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theory in this chapter allows a wider application of DPs in EPS modelling 
studies. Through discussion of different phasors, the advantage of the DP is 
demonstrated. The potential of the DP modelling technique is demonstrated 
through comparing ABC (three-phase models), DQ0 (models in dq frame) and 
DP models, using a generator-load system under balanced and unbalanced 
conditions. 
 
In Chapter 3, the DP model of uncontrolled rectifiers is developed. The DP 
model is developed using the vector theory and Taylor expansion. The method 
proposed in this chapter is the key through the entire thesis. The algebraic 
relations between the magnitudes of the AC-side voltage and current vectors, 
and the DC-link voltage and current serve as the basis for developing the DP 
model. The DP model capability of handling higher harmonics is demonstrated 
using the 6th harmonic component on the DC-link voltage. The unbalanced 
operation condition is handled with the DP model by viewing the negative 
sequence as a disturbance and the operation point is selected according to the 
positive sequence. This creative idea enables the DP model handling the 
unbalanced case conveniently. The DP model of the uncontrolled rectifier is 
validated through experiment. In this chapter, the DP modelling technique is 
also extended to modelling multi-pulse rectifiers. An 18-pulse ATRU is used to 
demonstrate this capability and the performance of the DP ATRU model under 
both balanced and unbalanced operation conditions is shown. 
 
In Chapter 4, the DP model for controlled PWM rectifiers is developed. The 
model is validated experimentally under balanced, lightly unbalanced and 
open-circuit fault conditions. The validation of the DP model under line-to-line 
fault conditions is accomplished by comparing with the ABC model through 
simulations. Experiments could not be done due to the high current during 
short circuits. The computation efficiency of the DP model is also illustrated. 
 
In Chapter 5, the DP technique is extended to modelling a multi-generator, 
multi-frequency system. The DP modelling technique is for the first time 
applied to model multi-IUHTXHQF\(36¶VA common reference frame or master 
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frame is chosen and all the DP variables are transformed into the master frame. 
A twin-generator system with generators rotating at different speed is studied. 
The simulation results from ABC, DQ0 and DP models are compared. The 
accuracy and the efficiency of DP model are demonstrated.  
 
In Chapter 6, the modelling issues associated with the complex aircraft 
electrical power system is discussed in detail. The large MOET aircraft power 
system architecture is described. A twin-generator aircraft power system, 
which is a representative of the MOET aircraft power system architecture, is 
simulated using the ABC, DQ0 and DP models. It is the first time the DP 
modelling technique has been used in modelling the entire aircraft EPS. Case 
studies based on such a system are presented, including a start-up operation, 
the loss of one generator and the impact of a line-to-line fault on the system. 
The computation time comparison is carried out. 
 
Chapter 7 gives the conclusion of this thesis. The research work and 
contributions are summarised. Future work based this thesis is discussed. The 
publications from this research work are listed. 
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Chapter 2 
 
Introduction of Dynamic Phasors  
2.1 Background 
The Dynamic Phasor (DP) modelling technique was firstly introduced in the 
1990s [31]. The DPs are in nature some Fourier coefficients and the modelling 
technique based on DPs is essentially a frequency-domain analysis method. 
Compared with other time-domain modelling techniques, the DP models offer 
a number of advantages over conventional methods. This is due to the fact that 
the oscillating waveforms of AC circuits become constant or slowly-varying in 
the DP domain and different frequency components can be handled separately 
with convenience. This property of DPs allows large step sizes in numerical 
simulations, and makes simulation potentially faster than conventional time-
domain models under both balanced and unbalanced conditions. 
 
The DP modelling technique was firstly used in modelling series resonant 
converters [31], where the converter switching functions were represented with 
DPs of fundamental components of switching functions. Since then, the DP 
technique has been widely implemented in modelling electronic converters as 
well as electromagnetic machines.  
 
The DP models for AC machines have been well developed during the past few 
years. These include induction machines [34], synchronous machines [35-37], 
double-fed induction machines [38, 39]. All these DP models are derived by 
transforming the time-domain linear machine models, either in the three-phase 
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frame (ABC models) or in a synchronous rotating frame (DQ0 models), into 
the DP domain. The DP models are called ³DP-ABC´ model or ³DP-DQ0´ 
model depending on whether three-phase or DQ0 variables are represented as 
DPs. Such transformations can be derived using the properties of DPs and are 
mathematically straightforward as illustrated in the references and in this 
chapter. 
 
The DP concept has also been comprehensively applied to model power 
electronic devices especially in Flexible AC Transmission Systems (FACTS). 
A DP model for Unified Power Flow Controllers (UPFC) has been reported in 
[40], where the DP model is developed based on the corresponding DQ0 model 
with the active power and reactive power controlled through DP-domain 
controllers. Similarly, the DP models for Static Synchronous Compensators 
(STATCOM) were studied in [41-43] and some new control techniques based 
on the DP concept have been proposed in [41]. The DP models for thyristor-
based HVDC transmission systems with Equi-distant Pulse Control (EPC) can 
also be found in [44] and [45]. By transforming the DPs of three-phase 
variables into sequence components and implementing superposition theory, 
the authors of [44] and [45] developed a DP model for this type of thyristor-
based EPC controlled converter. The DP models of other power electronic 
devices include Thyristor Controlled Series Capacitors (TCSC) [46-48], DC-
DC converters [49] and Unified Series-Shunt Compensators (USSC) [50]. 
These DP models, by representing the switching functions with DPs, illustrate 
good performance and high efficiency compared with behavioural models. 
 
All the above DP models are based on the assumption that the fundamental 
frequency of the system is constant. However, this is not true in many practical 
situations. In addition, though the DP model for these controlled power 
electronic devices have been well developed under balanced conditions based 
on non-switching averaging models, the DP models which are suitable for 
unbalanced conditions still require further studies and investigation. The 
behaviour of such controlled power electronic devices, under balanced and 
unbalanced conditions, is dependent on the control technique. Thus the 
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mapping of different control structures into DPs is of high importance. For 
example, the controller of an active filter in STATCOM [41] is based on the 
frame-invariant active power and reactive power control and this is different 
from the controller of traditional controlled rectifier units (CRUs), which use 
active and reactive components of input currents for the control and require 
orientation on the voltage vector at the connection point. These two different 
control structures require different DP models, even though both of them are 
PWM-controlled IGBT converters. This will be further discussed and a DP 
model of CRU suitable for both balanced and unbalanced conditions will be 
developed in the Chapter 4. 
 
Furthermore, all the above reported DP models are focusing on the controlled 
power electronic devices and there is no reference dealing with modelling 
three-phase or multi-phase uncontrolled rectifier using dynamic phasors. The 
switching behaviour of uncontrolled rectifiers is exclusively dependent on the 
power system conditions. The averaging modelling technique has been widely 
used to study this type of converters [51-53] and the DP model will be 
developed using the averaging models. This will be discussed in the Chapter 3. 
 
In this chapter, firstly the DP concept will be introduced, illustrated and 
discussed through some simple examples. The benefits from DP models will 
then be demonstrated by comparing four different types of models, i.e. ABC, 
DQ0, DP-ABC and DP-DQ0 models. Furthermore, the DP concept will be 
extended to modelling systems with time-varying fundamental frequencies. 
Finally a chapter summary is given. 
 
2.2 Dynamic Phasors 
The DP concept is based on the generalized averaging theory [31]. The DPs 
essentially are some time-varying Fourier coefficients. For a time-domain 
quasi-periodic waveform x(Ĳ), defining a time-moving window Ĳ(t-T, t], as 
shown in Figure 2-1, and viewing the waveforms in this window to be periodic, 
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the Fourier expansion of the waveform in this interval can be represented by 
the following Fourier series: 
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Figure 2-1 (a) Defined moving window at time t1 and t2, (b) equivalent periodic 
signal at time t1 
where Ȧs ʌ7 and T is the length of the window. Though the window length 
T can be an arbitrary value, it is common that the fundamental period of the 
signal is chosen to avoid the DPs spreading over the entire frequency axis. Xk(t) 
is the kth Fourier coefficient in a complex form and is referred tRDVD³G\QDPLF
phasor´. It is defined as follows: 
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where k can be any integer and is called the DP index. 7KHWULDQJXODUSDLUµ½¾¶
is used as the DP calculation symbols for any time-domain variables. In 
contrast to the traditional Fourier coefficients, these Fourier coefficients are 
time-varying as the integration interval (window) slides with time. The selected 
set of DPs, or K with Nא. , defines the approximation accuracy of the 
waveform. For example, for DC-like variables and signals the index set only 
includes the component k=0, and for purely sinusoidal waveforms, with the 
window length equal to one period gives k=1. The waveforms with 
fundamental and higher harmonics, for example, the 3rd harmonic, the index 
set can be chosen at K={1,3}. This is illustrated in the following table. 
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Table 2-1 DPs for some common functions 
DP index Constant A0 A1FRVȦWĳ1) A1VLQȦWĳ1) 
+A3 VLQȦWĳ3) 
k=0 A0 0 0 
k=1 0 0.5 A1e-Mĳ1 0.5j A1e-Mĳ1 
k=3 0 0 0.5j A3e-Mĳ3 
 
According to (2-2), a DP calculator is proposed as follows: 
x
kxcos(kȦst) 
-sin(kȦst) 
j
}Im{ kx
}Re{ kx
T
T
 
Figure 2-2 DP calculator 
This can be implemented on a computer and used to obtain the DP when the 
variable x exists as a function of time. As will be seen later, if the modelling is 
done solely in term of DPs, this calculator would not be needed.  
 
The case where the fundamental frequency Ȧs is time-varying will also need to 
be considered in the analysis of electrical power systems, e.g. when a generator 
is speeding up. In this case, the definition of DPs in (2-2) needs to be modified 
and this will be discussed in section 2.5.  
 
A key factor in developing DP models is the relation between the derivatives of 
the variable x(t) and the derivatives of kth Fourier coefficients given as: 
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Proof: 
7KHGHULYDWLYHRIWKH'3½x¾k can be written as: 
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It is seen that on the right side of (2-5), the first term is equal to Gۃ[ۄNGW  and the 
second term is MNȦs½[¾k. Thus the combination of (2-4) and (2-5) comes to (2-3). 
 
Another important property of DPs is that the kth phasors of a product of two 
time-domain variables can be obtained via the convolution of corresponding 
dynamic phasors:
 
                              ¦  
i
iikk yxxy                                      (2-6) 
The proof of (2-6) relies on the fact that: 
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Substituting (2-8) to (2-7) yields: 
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Exchanging the order of sum and integration gives  
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The derivative property (2-3) and the convolution property (2-6) play a key 
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role when transforming the time-domain models into the DP domain. Algebraic 
manipulations in this paper will also exploit the following conjugate property: 
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2.3 Comparison of Different Phasors 
2.3.1 Steady-state Phasors 
The phasor representation of steady-state, constant-frequency sinusoidal 
signals has been used for decades in analysing the steady-state behaviour of 
voltages and currents in a linear network [54]. Let us briefly review the 
traditional phasor concept through the steady-state solution of an RL circuit 
shown in Figure 2-3. The transient behaviour of the circuit can be described by 
the equation 
dt
diLRiv  
                                                   (2-12) 
iL L
R
v
 
Figure 2-3 An RL circuit  
where v is a sinusoidal function defined as v=vacos(Ȧ0t). The traditional phasor 
representation assumes that the sinusoidal motions are of constant frequency 
and constant amplitude. The corresponding phasor representation of the RL 
circuit can be written as 
)(][)( 000 ZZZ ILjRV                                 (2-13) 
where V(Ȧ0) and I(Ȧ0) represent the phasors which are constant complex 
numbers. It can be noticed that, in the phasor model, the differential operator in 
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(2-12) becomes MȦ0 and the phasor relationships become algebraic linear 
functions. This reduces the complexity and order of the model and allows fast 
analysis and simulation for power system studies. However, the steady-state or 
quasi-stationary assumption limits the application of such phasors to transient 
studies in power systems. 
 
2.3.2 Frequency-shift Phasors 
Due to the limitation of traditional phasors, a time-varying phasor was 
proposed in [54-57] . The band limited signals can be represented by their 
analytic signals defined as: 
  
)(Ö)()( txjtxtxa                                           (2-14) 
where [ොሺWሻ is the Hilbert transformation of time-domain signal x(t) and can be 
obtained by the convolution: 
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The Fourier transformation of [ොሺWሻ is given by: 
^ ` )()sgn()(Ö ZZZ XjX                                 (2-16) 
Combining (2-14) and (2-16) yields the Fourier transformation of the analytic 
signal xa(t) as: 
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The spectrum of the band limited signal x(t) and the spectrum of its analytic 
signal xa(t) are shown below: 
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Figure 2-4 (a) the spectrum of a band limited signal (b) the spectrum of its 
analytic signal 
The frequency-shift phasor is now defined as: 
tj
ab etxtx 0)()( Z                                   (2-18) 
The frequency-shift phasor xb(t), compared with the traditional phasor, is a 
time-varying complex number which includes all the information of the 
original signal x(t). 
 
The time-domain signal can be calculated from the frequency-shift phasor as: 
^ `tjb etxetx 0)()( Z                                         (2-19) 
The spectrum of xb(t) is shown in Figure 2-5. 
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Figure 2-5 Spectrum of frequency-shift phasors xb(t) 
As can be seen in Figure 2-5, the spectrum of the frequency-shift phasor is the 
same as that of the analytic signal but shifted by an angular frequency ±Ȧ0, i.e. 
Xb(Ȧ)=Xa(Ȧ-Ȧ0). From the point of view of simulation performance, the shift in 
the spectrum to the ³EDVH EDQG´ makes the simulation of power system 
transients more efficient when compared with time-domain modelling 
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techniques. However, this type of phasor is constrained to the band-limited 
signal and is not suitable for studying power systems with wider range of 
frequency components.  
 
When using the frequency-shift phasor to represent non-band-limited signals, 
the frequency shift applied to the analytic signal is, from (2-18), only ±Ȧ0. 
Though the base band spectrum XbȦ spreads DURXQG Ȧ  other higher 
harmonics will exist in the system and condense around system harmonic 
frequencies. For example a 3rd harmonic of x(t) will reduce to a second 
harmonic in the phasor model, as illustrated in Figure 2-6. The existing higher 
harmonics will deteriorate the performance of the phasors model and slow 
down the simulation process. 
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Figure 2-6 Frequency-shift phasors of non-band-pass signals  
 
2.3.3 Dynamic Phasors 
The DP concept, which has been introduced in section 2.2, is an extension of 
the frequency-shift phasor. Writing the equation (2-1) in the frequency domain 
gives 
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As seen in (2-20), instead of shifting the spectrum by ±Ȧ0, the DP concept is to 
shift all the band limited components about NȦ0 by ±NȦ0. This makes all the 
harmonics become base band components, as illustrated in Figure 2-7.  
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Figure 2-7 Illustrative spectrum of dynamic phasors for signals with higher 
harmonics 
This property allows the DP to handle power system with harmonics more 
effectively. The use of power electronic devices gives rise to other higher 
harmonics in the system. Shifting all these harmonics to base-band signals 
gives the DP great potential for the modelling of electrical power systems.  
 
2.4 Introduction to Dynamic Phasor Modelling: A 
Simple Example 
The electrical component models in the DP domain are building blocks for a 
DP-based network simulation. In this section, we start from DP models of basic 
electrical elements, i.e. resistors, inductors and capacitors in order to explain 
this DP concept. The DP model of a RLC circuit will be simulated to show 
how to implement the DP models. After that, some examples will be given to 
reveal the application of DPs in modelling of EPS systems. 
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2.4.1 Dynamic Phasor Model of RLC Components 
The DP models of RLC components are based on their time-domain voltage 
dynamic equations. Using the DP definition and properties, the DP 
transformation can be achieved conveniently.  
 
(i) Resistance element 
The time-domain voltage equation for a resistor can be expressed by: 
Riv                                                      (2-21) 
Calculating the DPs on both sides of (2-21) using the definition in (2-2) gives 
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If the resistance R is constant and time invariant, it can be moved out from the 
integration symbol and we obtain the DP form as: 
kk iRv                                              (2-23) 
 
(ii) Inductance element 
The time-domain voltage equation for an inductor is written as 
dt
diLv                                                 (2-24) 
The DP form of (2-24) can be obtained by employing the DP definition (2-2) 
and the differential property (2-3). The result is: 
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(iii) Capacitance element 
The DP model for a capacitor can be derived the same way as that for the 
inductor and is written as: 
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The DP model of RLC components suggests an equivalent circuit 
representation of the RLC circuit as shown in Figure 2-8 (b).  
iL
L
Cvin
+
-
vc
+
-
R
iout
(a)
  
(b)
½LL¾k 
L
C½Yin¾k 
+
-
+
-
R
+ -
jȦ/½LL¾k 
jȦ&½Yc¾k ½Yc¾k 
 
Figure 2-8 Transformation of RLC circuits from time domain to DP domain.(a) 
time-domain model; (b) DP model 
 
2.4.2 RLC Circuit Simulation with Dynamic Phasors 
This simple example is used to illustrate the potential benefits which can be 
derived from DP models. The simulation scheme is shown in Figure 2-8, with 
vin=230V at 60Hz, R L=0.05H, C=2×10-4F, iL(0)=0 and vC(0)=0. The DP 
model of RLC circuit in the state-space form is 
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The DP with k=0 corresponds to the existence of a DC input or non-zero initial 
conditions. If the input voltage and all variables are sinusoidal, then the DP 
index k=1. If the input voltage has higher harmonics, the DP index k «
will be included depending on the accuracy required. For the sinusoidal case 
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here, the DPs with index k=0,« are equal to zero, and the DP model 
becomes a 4th-order system. Though the RLC circuit order of DP model is 
higher than the time-domain model, which is 2nd order, the variables in the DP 
models fluctuate much slower, as shown in Figure 2-9. In the time domain, iL 
and vc are sinusoidal with frequency f=60Hz. In Figure 2-9, the sinusoidal 
waveforms are reconstructed from the DPs using equation (2-1) and are 
identical to those obtained from a conventional time-domain simulation. 
However, the real and imaginary parts of DP variables, ½LL¾1 and ½Yc¾1, fluctuate 
at a much slower frequency. This allows the solver to use bigger simulation 
steps and enables an accelerated simulation process. 
 
Figure 2-9 Comparison of simulation results of the RLC circuit from different 
models, (a) currents iL, (b) voltage vC 
 
2.4.3 Comparison of Different Modelling Techniques 
The previous section illustrated that the DPs have potential for acceleration 
simulation studies in the modelling of power systems. This section will 
illustrate the accuracy and computational efficiency of different modelling 
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techniques using an example system with phase imbalance. These models 
include: 
1) Standard three-phase domain modelling (ABC) 
2) DQ0 modelling using EPS components library reported in [9] (DQ0) 
3) Dynamic phasor (DP) model based on three-phase system equations (DP-
ABC) 
4) DP model based on EPS DQ0 equations (DP-DQ0) 
We use an example three-phase EPS as depicted in Figure 2-10. The voltage 
source is a synchronous generator with the rated voltage Vphase=230V and 
f=400Hz. Simulations were run on Intel(R) i7 CPU 960 at 3.20GHz with 
24.0GB of RAM using Modelica/Dymola v.7.4 software. The Dassl algorithm 
was chosen as the solver and the tolerance was set at 10-4. To evaluate the 
computation efficiency of these modelling techniques, the CPU time taken for 
the simulation process has been used. The simulation accuracy has been 
evaluated by comparing the simulation results in the Figure 2-11 and Figure 2-
12. The errors of the DP model are less than 5% compared with ABC models 
under balanced conditions. The errors under unbalanced conditions are slightly 
higher but still less than 10%. The accuracy of DP models is dependent on the 
DP index chosen. The higher order of DP index, the more accurate the model 
will be. 
 
Fault 
occurs
Transmission 
line
RTL LTL LTLRTL
CTL
CTL
SG
RLoad
 
Figure 2-10 Simulation EPS scheme for modelling technique comparison 
studies 
A line-to-line fault between phase A and phase B is applied to the system at 
W V7KHIDXOWLVVLPXODWHGE\FRQQHFWLQJSKDVH$DQGSKDVH%ZLWKDPȍ
resistor. The current flowing through the resistive load, RLoad, is chosen for 
comparative studies. In order to compare the results more conveniently, the 
results from all models are transformed to the time-domain ABC frame and 
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drawn in the same figure, as shown in Figure 2-11. The currents for all the 
modelling techniques are well-matched under both balanced and unbalanced 
conditions. Even during the transient period from balanced to unbalanced 
conditions, the errors of the DQ0 model and the DP model are less than 10% 
when compared with ABC benchmark model.  
 
Figure 2-12 depicts the load currents from different models before and after the 
line fault occurs. It can be noticed that before the fault occurs, the load currents 
in the DQ0, DP-ABC and DP-DQ0 models are all DC-like. However, during 
the fault conditions, the current in the DQ0 model, id, starts to fluctuate at a 
frequency of 800Hz because of the negative sequence in the system under 
unbalanced conditions. The negative sequence when transformed in to DQ 
frame, become the second harmonic in d and q axes. This will be further 
discussed in Chapter 3. On the other hand, the DP variable ½La¾1 and ½Ld¾1,2 are 
still DC-like after a short-transient period with much slower fluctuations. 
 
The computation times are presented in Figure 2-13. It shows that ABC model 
nearly keeps the same simulation speed before and after the fault occurs. This 
is understandable as the reconfiguration will not change the complexity of the 
system and the fundamental in the system keeps at 400Hz without change. It 
also can be noticed that the DQ0 model is the fastest model before the fault 
occurs; however after the fault occurs, this model becomes the slowest one. As 
has mentioned before, under balanced conditions, the variables in the DQ0 
models are DC-like, which enables the solver to evolve with large simulation 
steps. However, under unbalanced conditions, the second harmonic (f=800Hz) 
appears in the d and q axes in the DQ0 model. In this case, the solver is obliged 
to choose smaller simulation steps and the simulation process is hence 
decreased dramatically.  
 
From Figure 2-13, it is important to realise that, under balanced conditions, 
though the DP variables are DC-like, the system order is higher than that of the 
DQ0 model. This makes the DP model slower than the DQ0 model. However, 
the slowly fluctuation DP variables under unbalanced condition enables the 
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solver to implement larger simulation steps under fault conditions, which 
makes the total simulation time of DP models shorter than that of the DQ0 
model. 
 
Figure 2-11 Phase currents flowing through resistor comparison among four 
modelling methods, with Line-to-Line fault occurs at t=0.2s 
 
Figure 2-12 Phase A current of the resistive load in different models in 
different domains 
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Figure 2-13 Computation time comparison among four modelling methods, 
with Line-to-Line fault occurs at t=0.2s 
The comparison of the four modelling methods, ABC, DQ0, DP-ABC and DP-
DQ0, through this example EPS, illustrates the potential application of DPs in 
modelling the EPS for acceleration simulation studies, especially for the 
system under fault condition. With an increase in system complexity, the 
benefits from DPs will increase simultaneously. This will be further revealed in 
the following chapters of this thesis.  
 
2.5 DPs of Varying Frequency Waveforms 
So far, all the phasors are with constant frequencies. The application of DPs in 
modelling time-varying frequency system has been touched on in [31]. There, 
WKHDXWKRUFKRRVHVWKHVOLGLQJZLQGRZZLWKSKDVHDQJOHșW ʌIRU WKHWLPH-
varying frequency signals. The theory developed in [31] is difficult for 
application and there is no further development in this area ever since. In this 
section, the author proposes another methodology that makes the application of 
DPs in modelling time-varying EPS conveniently.  
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2.5.1 Phase-Based Dynamic Phasors 
As briefly discussed in section 2.2, the analysis based on (2-3) is valid if Ȧs is 
constant. In the case where the frequency Ȧs is time varying, the selection of 
the sliding window in the DP definition should be reconsidered. The main 
concern of DPs of time-variant frequency waveforms is to derive the 
differential of a DP when Ȧs varies. For a waveform with a time-varying 
frequency, it is convenient to define the DP using the phase angle ș instead of 
the angular speed Ȧs as was used in (2-2). Using the phase angle ș, the DP 
definition becomes: 
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2
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³ t s dt 0 )()( WWZT                                            (2-29) 
This approach was reported in [31] but not used since [31] derived the 
derivative property as: 
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The proof of (2-30) is given in the Appendix I. As can be seen above, when the 
frequency is constant, i.e. Ȧሶ ሺWሻ   and 7ሶ ሺWሻ  , (2-30) will reduce to (2-3). 
However, for the case when Ȧሶ ሺWሻ, the equation (2-30) is complicated and 
this makes the implementation difficult. In particular, the two terms x(t-T(t)) 
and Ȧ(t-T(t)) will require the solver to store all the results during the T(t) 
period. Each simulation step will involve a search process of x(t-T(t)) and Ȧ(t-
T(t)) to derive the DP differentials in (2-30) and thus the simulation process 
will slow down dramatically.  
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In this thesis, the author introduces an alternative approach to derive a simple 
formula for the DP of the differential term and this is: 
k
k
k
xtjk
dt
xd
dt
dx )(Z                             (2-31) 
Proof: 
According to the definition in (2-28), the differential of DP ۃ[ۄN  can be 
expressed as: 
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On the other hand, the DP form of a differential term G[ GW ?  can be given as: 
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Since GșGW Ȧ(t), (2-33) can be written as: 
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Exchanging the integration terms in (2-34) yields: 
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The first term, from (2-32) is equal to G½[¾k/dt. The second term, from (2-28) is 
equal to MNȦW½[¾k.  
 
Compared with (2-30) proposed in [31], the derivative property derived here is 
much simpler and convenient for application. Comparing the two equations 
and recalling the DP definition yields: 
^ ` ^ ` ^ `
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The inverse transformation of this phase-base DP is  
¦f
f
 )()()( tjkk etXtx T                                               (2-37) 
 
2.5.2 Application of Phase-Based DPs 
The validation of the proposed phase-based DPs will be validated in this sector, 
using the simulation scheme as in Figure 2-10. However, the SG is replaced 
with an ideal AC source with the frequency ramps up from 50Hz to 400Hz 
during 25ms from t=0.3s.  
 
The phase-based DP model of an RLC circuit is shown in Figure 2-14. 
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L
C½Yin¾k 
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R
+ -
jȦ(t)/½LL¾k 
jȦ(t)&½Yc¾k ½Yc¾k 
 
Figure 2-14 Phase based DP model of an RLC circuit 
Comparing Figure 2-14 with the DP model of the RLC circuit shown in Figure 
2-8, the only difference is that the constant angular speed Ȧ becomes a time-
varying variable Ȧ(t) in Figure 2-14. This property conveniently modifies the 
DP concept for modelling the time-variant frequency system. 
 
The load currents from DP models are transformed to the time-domain and 
compared with results from ABC models, as shown in Figure 2-15. The results 
from phase-based DP model and ABC are identical during the constant-
frequency period and frequency ramping-up period. 
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Figure 2-15 Phase A currents flowing through resistor comparison between DP 
model and ABC model with frequency ramping up from 50Hz to 400Hz during 
25ms 
2.6 Chapter Summary 
In this chapter, the DP concept has been introduced. The DPs are essentially 
some Fourier coefficients. Compared with traditional phasors and frequency-
shift phasors, DPs can be used for modelling systems with higher harmonics 
and for transient response studies. The DC-like DP variables allows the solver 
to apply larger steps during the simulations. This is the key advantage of DP 
models compared with the DQ0 model, the performance of which deteriorates 
under unbalanced conditions. The phase-based DP concept, which is based on 
phase angle ș instead of angular speed Ȧ in DPs, is proposed for modelling 
time-varying frequency systems. The derivative property revealed in this thesis 
makes this type of DP more convenient for application and the phase-based DP 
models can be conveniently modified from the Ȧ-based DP. For that reason, in 
IROORZLQJFKDSWHUVRIWKHWKHVLVWKHWHUPµ'3¶ will refer to phase-based DPs.  
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Chapter 3 
 
Dynamic Phasor Models of 
Uncontrolled Rectifiers  
3.1 Introduction 
The MEA concept leads to a wide use of electrical power in the aircraft and 
makes the AC/DC power converter an integral part of the EPS. Conventionally, 
AC/DC power conversion is performed through three-phase uncontrolled 
converters. A majority of the power electronics applications such as switching DC 
power supplies, AC motor drives, DC servo drives, and so on, use such 
uncontrolled rectifiers [58]. The diode rectifiers have the advantage of high 
reliability, low cost and relatively high efficiency. However, the main drawback 
of these rectifiers is that they inject significant current harmonics into the power 
network. 
 
In order to meet the aircraft power quality requirement, for example standard ISO-
1540, the multi-pulse uncontrolled rectifier is a preferred option for the aircraft 
electrical power system. Multi-pulse diode rectifiers have long been used in the 
passenger aeroplanes to produce 28V DC from 400Hz AC input [59]. Even with 
the development of Pulse-Width Modulated (PWM) AC/DC converters, multi-
pulse rectifiers are still the dominant technology in commercial jet aeroplanes due 
to their better reliability and relatively compact size. The multi-pulse uncontrolled 
rectifier is normally fed by a phase-shift transformer, typically an autotransformer. 
The whole unit is called an ³Auto-Transformer Rectifier UQLW´ (ATRU). The 
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advantages of the ATRU are simple circuit structure, low cost, high reliability and 
relatively high efficiency and compact size. The drawback of the ATRU is that the 
total weight of the ATRU can be relatively high due to the use of the transformer.  
 
In the MEA electrical power system, the ATRU usually acts as an interface 
between the AC source and a large DC bus instead of individual DC loads. 
Although the ATRU is a mature technology in the aviation industry, its presence 
in the MEA power system has raised concerns such as the optimization of the 
input current distortion and dynamic interactions with the rest of the power system 
especially if the EPS has many speed-regulated motor drive systems. Such 
concerns are attributed to the increased loading which results in increased 
harmonics on the AC distribution system. The work of this chapter is motivated 
by the simulation study of the MEA electrical power system and the study of 
dynamic interactions between individual subsystems. Since the switching 
behaviour in the ATRU arises exclusively from the multi-pulse rectifier, the 
development of a functional model for the ATRU comes down to the development 
of functional models for the multi-phase converters. 
 
The modelling of rectifiers has been of particular interest to the power engineering 
community for a long time [60]. The detailed device simulation approach, which 
is based on the non-linear diode model, has been widely used in the software such 
as MATLAB/Simulink, SABER etc. The main challenge of using these detailed 
models is the increased computational complexity which leads to a longer 
simulation time especially when the overall system contains many rectifiers.  
 
Apart from the detailed modelling techniques, several approaches for modelling 
uncontrolled rectifiers have been reported in previous works. These are the 
dynamic average modelling method [51, 61, 62], the impedance mapping method 
[59, 63, 64] and the DQ0 modelling method [65]. Three dynamic average models 
of the three-phase rectifier have been reported recently. These are classical 
Average-Value Model (AVM) [27, 52], improved AVM [66] and parametric 
AVM [53, 67]. In the classical AVM, the DC current is assumed to be constant. 
The improved AVM, instead of assuming a constant DC current, considered a 
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linearly varying DC current during the switching intervals. However, these two 
models are both developed for balanced operation and thus are not suitable for 
unbalanced system studies. In the parametric AVM, the rectifier is considered as 
an algebraic block such that the relationships between the AC terminals and DC 
link are modelled with parametric functions. Though the parametric AVM model 
can handle balanced and unbalanced situations, the derivation of parameters 
involves extensive simulations beforehand and different systems will have 
different parameters. The DQ0 model of the diode bridge involves the 
transformation of the switching function from the ABC frame to the synchronous 
DQ0 frame. This modelling technique has been used in modelling a 12-pulse 
ATRU and shown to be effective under both balanced and unbalanced conditions 
[65]. 
 
The impedance mapping method provides a useful tool to predict the input 
impedance of the AC/DC converters for stability studies. The basic idea is to map 
the voltage and current of the AC and DC sides into the frequency domain and 
obtain the input impedance of the converter. However, the impedance models are 
in analytical form which is not suitable for simulation studies of the entire 
electrical power system. 
 
This chapter presents a switching model and a DP-based functional model of the 
uncontrolled rectifier. The switching model is used as the benchmark model and 
the diodes are modelled with controlled ideal switches. The relationship between 
the voltage vector and the DC-link voltage, and the current vector and the DC-link 
current, are used for deriving the DP model. Considering that the operation point 
of DBs is determined by the positive sequence, the negative sequence under 
unbalanced conditions has been viewed as a disturbance in the DP model. 
Together with the DP model for the phase-shift transformer, the DP model for the 
ATRU is presented as well. Compared with the DQ0 model, both the 2nd and 6th 
harmonic on the DC-link voltage are included in the DP system. This enables the 
DP model to cover the AC imbalanced voltage and DC ripple voltage for both 
continuous and discontinuous operation. 
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This chapter will be organized as follows. Firstly, the switching model and DP 
model of three-phase rectifiers will be introduced and validated with experimental 
results under both balanced and unbalanced conditions. Based on the developed 
DP model of three-phase rectifiers, a DP model for the multi-pulse rectifier will 
be established. After that, the switching model and DP model of the ATRU will 
be given and tested under balanced and unbalanced conditions. The efficiency and 
performance of the DP model for the ATRU will be demonstrated through 
comparing with switching models at the end of this chapter. 
 
3.2 Benchmark Model of the Diode Bridge 
A three-phase Diode Bridge (DB) rectifier is shown in Figure 3-1. In general, it is 
supplemented by an output DC filter LfCf and a front-end inductance Ls 
representing a long feeding cable, or leakage inductances in the transformer. The 
DC load is represented as an equivalent resistance RL.  
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Figure 3-1 Three-phase diode bridge rectifiers simulation scheme 
The benchmark model is established in the software Dymola 2012. The diode is 
modelled as an ideal switch controlled by the forward voltage and conducting 
current, as shown in Figure 3-2. In the model, the ideal switch is controlled by the 
voltage vak and current iak. When the diode is forward biased (vak>0), it starts to 
conduct with a small forward voltage Vf across it and conduction resistance Ron. It 
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turns off when the conducting current iak becomes zero. Apart from the diode, the 
other electrical elements are derived from the standard library in Dymola 2012.  
Logic
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+ vak
iak
-
a k
(a) (b)
 
Figure 3-2 Switching model of diodes in the benchmark model, (a) diagram of a 
diode (b) switching model of diodes 
 
3.3 DQ0 Model of the Diode Bridge 
The main idea for the non-switching model is to represent the converter switching 
behaviour with the fundamental components. For a three-phase diode bridge, a 
non-switching model for a three-phase diode bridge in the DQ0 frame has been 
developed in [65] and is briefly described in this section.  
 
The non-switching DB model is well developed and documented [58, 68]. Under 
the symmetrical balanced supply, the terminal voltages can be represented as: 
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where Vm is the voltage magnitude, Ȧ is the supply electrical frequency and ĳ is 
the initial phase angle. For an ideal six-pulse rectifier shown in Figure 3-1, the 
switching functions can be described as in Figure 3-3. 
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Figure 3-3 Switching functions of a diode bridge under ideal operation conditions 
The fundamental component of the diode switching function is then given as [58]: 
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Using (3-2), the voltage relationship between the AC and DC terminals of the 
diode bridge is [65]: 
                                               abc
T
abcdcv VS   (3-3) 
                                                  dcabcabc iSI     (3-4) 
where ,DEF ሾLD LE LFሿ7 , vdc and idc are the rectifier output DC voltage and 
current respectively. The effect of Ls on the AC side causes an overlap angle ȝ and 
results in a commutation voltage drop. This drop can be represented as a variable 
resistance rȝ depending on the system frequency [27]. Since the commutation 
voltage drop has been moved on to the DC side, the switching signals for 3-phase 
bridge rectifier can be applied without considering the effect of overlap angle, as 
shown in Figure 3-4. From (3-1), (3-2) and (3-4), the fundamental component of 
switching functions and input currents can be seen to be in phase.  
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Figure 3-4 Three-phase diode rectifier with overlap angle resistance 
The voltage vector is defined as: 
                                         3/23/232 SS jcjba evevvv  &   (3-5) 
Substituting the three-phase voltage in (3-1) into (3-5) yields: 
                                                  
tjj
m eeVv
ZM &  (3-6) 
Equation (3-6) shows that the voltage vector defined in (3-5) rotates with an 
angular speed Ȧ with an initial angle ĳ at t=0. The magnitude is equal to the peak 
value of the phase voltage. Defining a synchronous rotating frame dq rotating at  
Ȧ rad/s with ș=0 at t=0 the voltage vector in this frame can be expressed as: 
                                               
MZ j
mqd
tj eVjvvev   &   (3-7) 
The vector of fundamental currents can be defined in the same way. These vectors 
are depicted in a complex plane as in Figure 3-5.  
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Figure 3-5 Voltage and current vectors in the complex plane 
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Combining (3-6) and (3-7) and separating the real and imaginary parts yields the 
three-phase variables and the components in the dq frame:   
                                                 abcdq Tff   (3-8) 
where T is the transformation matrix: 
                  »¼
º«¬
ª

 )32sin()32sin(sin
)32cos()32cos(cos
3
2
SZSZZ
SZSZZ
ttt
ttt
T  (3-9) 
Combining (3-3) and (3-9) yields: 
                                        
223333
qddc vvvv   SS
&
  (3-10) 
                                            dcqd iiii S
3222   &   (3-11) 
With the assumption that the front-end inductance, Ls, is relatively small, the input 
fundamental current can be considered to be in phase with the input voltage. Its d 
and q components are express as: 
                                               
MM sin    ;cos iiii qd
&&   
 (3-12) 
where 
                                                ¸¸¹
·
¨¨©
§ 
d
q
v
v1tanM
 (3-13) 
The presence of Ls will make the voltage and current vector out of phase and (3-
13) will give some discrepancy. However, in this thesis, this effect has been 
neglected due to the relatively small inductance in the system. The DC-link 
voltage in (3-10) will reduce due to the commutation (commutation angle <60o) 
and this effect can be taken into account by introducing an additional resistor ru at 
the DC output with [58]: 
                                                su fLr 6  (3-14) 
where f is the line frequency.  
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From (3-10) to (3-14), the 6-pulse rectifier can be represented by Figure 3-6. 
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Figure 3-6 The diode bridge equivalent circuit in the dq frame 
Equations (3-10)-(3-14) comprise the relations between the DB input 
voltage/current expressed through their dq components and the output DC 
voltage/current. These equations will be employed for the development of the DB 
model in the DP domain. 
 
3.4 Dynamic Phasor Model of Diode Bridges 
The requirement for the DP-based functional model is time-efficiency with good 
accuracy (<5% error compared with the benchmark model), under both balanced 
and unbalanced conditions including line faults. The DP model is based on the 
relationship between the voltage vector and DC-link voltage, and the current 
vector and DC-link current. The challenge is to map these relations into DPs. This 
task, being mathematically straightforward for balanced conditions, turns into a 
complex problem when unbalance or line fault occurs. The solution of this task is 
proposed in the following sections. The proposed DP is based on the relationship 
between the AC-side voltage vector and the DC-link voltage, and the AC-side 
current vector and the DC-link current. It is also important to point out that the 
DC-link side of the DP model is interfaced with time-domain models. The main 
consideration of this time-domain interface is to avoid modelling a single diode in 
DP, which is cumbersome to derive. It will also allow the DP model a wider 
application to be combined with other time-domain model based software. The 
transformation from the DP domain to the time domain on the DC side is 
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convenient and will not affect the simulation time. This will be shown in the 
following sections of this chapter. 
 
This section explains the mapping of these relationships into the DP domain in the 
following order. Firstly, we express the time-domain vectors with the DPs of 
three-phase variables; secondly, the DC-link voltage and current are mapped into 
DPs; the developed DP model is validated by comparing results from experiments. 
 
3.4.1 Dynamic Phasor of Vectors 
The voltage and current vectors play a key role for developing the DQ0 model of 
three-phase rectifiers. This is also true for developing DP models. The AC 
terminal voltage can be represented by the set of phase components: 
                                   cbaitVv iii ,,   ,)cos(   MZ   (3-15) 
where Vi (i=a,b,c) is the phase voltage magnitude, and ĳi (i=a,b,c) is the phase 
angle. Using the Euler formula [69] , the equation (3-15) can be rewritten as: 
                                  cbaieeVeeVv
tjj
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tjj
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i
ii
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  
 ZMZM
    (3-16) 
Recalling Table 2-1, the DP conjugate property (2-11) gives: 
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Combining the vector definition (3-5), (3-16) and (3-17) results in: 
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 (3-18) 
This equation illustrates that the time-domain voltage vectors can be calculated 
through three-phase DPs. The two terms on the right-hand side define the positive 
and negative sequences of the AC voltage vector. The latter will appear under 
unbalanced conditions. Expressing the vector in the synchronous dq frame given 
in (3-7), equation (3-18) becomes: 
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The first term on the right side of (3-19) arises from the positive sequence with no 
harmonics. The real and imaginary part represents the DC components of vd and 
vq. The second term arises from the negative sequence and represents the second 
harmonic of vd and vq. Defining: 
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the vector in dq frame in (3-19) can be expressed as 
                        ^ ` ^ `22200 qdtjqdqdtj jVVejVVjvvev    ZZ&   (3-24) 
Expansion of the above equation gives: 
                           tVtVVvv qdddqd ZZ 2sin2cosRe 220   &     (3-25) 
                         
  tVtVVvv dqqdqq ZZ 2sin2cosIm 220   &    (3-26) 
From the two equations above, it can be concluded that the DPs ½Yd¾k and ½Yq¾k 
cover the zero and 2nd harmonics (i.e. the DP index set K={0,2}) in order to 
represent the supply voltage in the dq frame under both balanced and unbalanced 
conditions. The dynamic phasors for the voltage dq-frame components are given 
in Table 3-1, together with the dynamic phasors for the input current LԦ, derived in 
a similar manner.  
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Table 3-1 Dynamic phasors for voltage and current vectors in a synchronously 
rotating frame 
Variable 
Dynamic phasors 
k=0 k=2 
vd   
vq   
id   
iq   
 
3.4.2 DC-link Voltages in DP Domain 
In this section, we will transform the DB voltage relation (3-10) into the DP 
domain. In Section 3.4.1, the DPs of vd and vq have been derived. However, the 
calculation of the DPs of vdc is not easy due to the non-linearity of the square root 
function in the vector magnitude function (3-10). This function makes the direct 
application of the DP properties non-analytic. However, with the help of the 
Taylor expansion, it is possible to express vdc with a polynomial function of vd and 
vq. Together with the DP convolution property (2-6), the DP of vdc can be derived.  
 
We re-write the DC-link voltage function (3-10): 
                                     
22
,1
33)( qddcqd vvvvvf   S   (3-27) 
Approximating the DC-link voltage in (3-27) by the Taylor series requires the 
selection of an operational point for the expansion. With the assumption that the 
switching behaviour of the DB is mainly determined by the positive sequence and 
the negative sequence is treated as a disturbance, the operating point can defined 
as {Vd0, Vq0}.The Taylor expansion of (3-27) is given as: 
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(3-28) 
where ki (i « DUH the Taylor expansion coefficients. They are constant and 
00 dd Vv  2/)( 222 qdd jVVv  
00 qq
Vv  2/)( 222 dqq jVVv  
00 dd Ii  2/)( 222 qdd jIIi  
00 qq
Ii  2/)( 222 dqq jIIi  
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dependent on the selected operation point {Vd0, Vq0}. The calculation of these 
coefficients is given in Appendix II. Section 3.4.8 will discuss the errors 
introduced in the assumption that one sequence (the negative sequence in this 
case) acts as a disturbance. 
 
Though traditionally only the first-order terms are considered, in this study we 
find that a second order approximation and the truncation of the third and higher 
order terms in (3-28) provides enough accuracy. This will be demonstrated by a 
comparative simulation in following sections. 
 
From the Taylor expansion of vdc in (3-28), under balanced conditions where 
vd=Vd0 and vq=Vq0, the DC-voltage vdc will be constant and equal to k0 which is 
associated with the positive sequence of the input voltages. Under unbalanced 
conditions, the negative sequence will appear and disturb the diode switching 
function in (3-2). With the operation point {Vd0, Vq0}, the impact of the negative 
sequence is considered as a disturbance. The resulting disturbance to vdc will be 
effectively represented in (3-27), through the AC-side voltage vd and vq in (3-25) 
and (3-26) which are fluctuating under unbalanced conditions. 
 
Since the DP index set for vd and vq is K={0,2}, the same set should be applied for 
vdc as it is a polynomial algebraic function of vd and vq, shown in (3-28). 
Employing the convolution property to the truncated Taylor series, the dynamic 
phasors of DC-link voltage vdc are derived as follows: 
 
2
*
2
*
225
*
224
*
22300 qdqdqqdddc vvvvkvvkvvkkv    (3-29a) 
                                        
22212 qddc
vkvkv  
  (3-29b) 
where the dynamic phasors ۃYGۄ, ۃYGۄ, ۃYTۄ and ۃYTۄ are given in the Table 3-1. 
Hence, the dynamic phasors for DC-link voltage are fully defined. 
 
3.4.3 Accounting for the DC-Link Voltage Ripple 
The converter output voltage calculated with (3-29) exhibits a DC component 
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under balanced conditions, and includes the 2nd harmonic under unbalance 
conditions. For functional-level simulation studies this may be sufficient. 
However, under balanced conditions, a six-pulse DB exhibits the 6th harmonic on 
the DC side[58]. This section demonstrates how this component can be mapped 
into the DP model if required. 
 
Under balanced conditions, the 6th harmonic in the DC voltage is due to the 5th 
and 7th harmonic in the switching function [70] that can be given as: 
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Substituting these switching functions into (3-3) and (3-4), the magnitude and 
phase angle of the 6th harmonic in the DC voltage is: 
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The corresponding DP for this 6th harmonic can be given in the same as any other 
sinusoidal waveform and it is written as: 
                                         
6
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dcdc evv
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 (3-33) 
This extra DP can be added to the previously derived set (3-29) to represent the 
DC-link voltage in the DP domain. The time-domain value of the DC-link voltage 
can be calculated using the DP definition and is given as: 
     ^ `tkvmtkveevtv kdckdc
k
tjk
kdcdc ZZZ sincos2)(   ¦   (3-34) 
where k={0,2,6}. Hence, the DC-link voltage in (3-34) includes the DC 
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component as well as the 2nd and the 6th harmonics. Under balanced conditions, 
the 2nd harmonic is absent. However under unbalanced or line fault conditions, it 
becomes the dominant harmonic component. 
 
3.4.4 Rectifier AC Currents 
This section addresses the mapping of the rectifier current relation into the DP 
domain. The linear relationship between the magnitude of the current vector หLԦหand the DC-link current idc was given in (3-11) and can be transformed into the 
DP domain as follows: 
                                                     
kdck
ii S
32 &  (3-35) 
The AC currents of the rectifier are dependent on the DC load current which is 
determined jointly by the DC-link voltage vdc and the load itself. In the proposed 
model, a DP/time-domain interface will be used in the DC-link side, and the 
calculated DC current (time-domain value) is converted into the DP, as shown in 
Figure 3-7. 
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½La¾1 
½Lb¾1 
½Lc¾1 
(3-34)(3-20)-(3-23), (3-29), (3-33) 
and Table 3-1
vdc(t)
½Ldc¾0 DP model
Interface
½Ydc¾0,2,6 
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idc(t) 
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Figure 3-7 Interface of DP model to the time-domain model on the DC-link side 
The DP index for ۃLGFۄN for linear loads could of course chosen according to ۃYGFۄN, 
i.e. k={0,2,6}.However, using the following equation 
                                                      )(0 tii dcdc     (3-36) 
will allow us to avoid calculating of ½Ldc¾2,6 with the DP definition (2-1) and thus 
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no cumbersome calculation of ׬ [H-MNȦWGWWW-7  is needed. With (3-36), all the DC-link 
current information will be included in ½Ldc¾0. The fluctuation of idc will be 
reflected to the fundamental DPs ½La,b,c¾1 through ½Ldc¾0 and this will be illustrated 
later in this section. From (3-35), the same DP index k=0 will apply to ½|LԦ|¾k. The 
DP for the d- and q-axis components of AC currents can be derived using (3-12) 
as follows: 
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The main challenge in calculating (3-37) is to calculate the DPs for the non-linear 
functions, sinĳ and cosĳ. As in the previous section, the approximation is 
executed by a Taylor series. The non-linear terms are expressed via the voltage 
components in d and q axes: 
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Selecting the operation point {Vd0, Vq0}, the equation (3-38) can be approximated 
by a Taylor series with respect to vd and vq. Using the convolution property of DP 
and truncating the harmonics higher than the 3rd order, the DP transformation of 
(3-38) is derived as: 
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3.4.5 DQ0 to ABC Transformation in Dynamic Phasors 
The previous sections have established the DP model of a diode bridge using the d 
and q components of voltage and current vectors. If the three-phase AC variables 
are modelled as DPs, then the DPs in d and q axes have to be transformed into 
ABC frame. Implementing the DP convolution property to the ABC/DQ0 
transformation given by (3-9) and (3-10) yields: 
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where T-1 is the generalized inverse matrix T: 
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With Table 2-1, the DPs of Matrix T-1 are given as: 
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Using (3-41) and (3-42), the DP of input currents in ABC frame can be derived. 
 
3.4.6 Model Assembly 
The equations derived above build the DP-domain model of the uncontrolled 
rectifier as shown in Figure 3-8. The current flow shown in Figure 3-8 illustrates 
the mapping of idc into the AC currents ½La,b,c¾1. With (3-36), all the information in 
idc is reserved in the DP ½Ldc¾0. This makes ½La,b,c¾1 a function of the time-varying 
current idc and allows the harmonic characteristics in the AC currents to be 
represented by the fundamental DPs ½La,b,c¾1. The DP model shown in Figure 3-8 
can be used in EPS simulations with no need for the user to understand DP theory. 
For the user who wishes to build the entire EPS model in the DP domain, the 
model does not need the interface blocks (coloured in grey in Figure 3-8) since the 
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DP variables are already available and the DB model can be directly interfaced to 
the other EPS model blocks. 
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Figure 3-8 DP model of the three-phase rectifier 
 
3.4.7 Model Validation 
A test rig shown in Figure 3-9 was set up for the model verification. The system 
includes a programmable source Chroma II model 61511, a DB rectifier 
IRKD101-14, and filters on both DC and AC sides. The parameters are Ls=1mH, 
Rs ȍ, C ȝ)DQG Ldc ȝ+The DC-link is feeding two resistive loads 
with RL R¶L . The model is verified in continuous and discontinuous 
current modes, balanced and unbalanced conditions as reported below.  
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vbs
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Figure 3-9 Experimental configuration 
 
1) Continuous Mode 
In this experiment, the balanced supply voltage is set at vas=vbs=vcs=40V at 50Hz 
to avoid source protection triggering when applying the fault. The phase A 
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voltage is set to zero at t=0.2s in order to perform an unbalanced supply to the 
system. A continuous current mode is ensured with a heavy load on the DC-link 
side by switching on sw1 and paralleling RL and R¶L. The simulation and 
experiment values of vdc, iabc and idc are compared in Figure 3-10, Figure 3-11 and 
Figure 3-12 respectively. 
 
As can be seen in Figure 3-10, under the balanced condition (t<0.2s), vdc has the 
6th harmonic component. With the 6th harmonic included in the DP model, the 
results from the experiment and DP model are matched quite well. The slight 
difference between experiment and the DP model results from the higher dc 
current harmonics (components higher than the 6th harmonic) are charging the 
capacitor, as shown in Figure 3-12. After the fault occurs, the DC-link voltage 
fluctuates at a double frequency. In this case, the 2nd harmonic is included in the 
DP model and the results from the experiment and simulation are well matched. 
 
Figure 3-10 The DC-link voltage of the DB with a power supply fault occurring in 
phase A at t=0.2s 
The DP model and experiment results for ia,b,c are shown in Figure 3-11 and they 
are well matched before and after the fault occurs. The DC-link current idc, as 
shown in Figure 3-12, changes from a Continuous Current Mode (CCM) to a 
Discontinuous Current Mode (DCM) after the fault occurs. It can be seen that 
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under CCM and DCM conditions, the DP model demonstrates good performance 
in both cases. The small discrepancy between the DP model and experiment 
results is due to the fact that the DP model is an approximation technique and 
harmonics higher than 6th order is not considered in the DP model. 
 
Figure 3-11 The AC side currents of the DB with a power supply occurring in 
phase A at t=0.2s 
 
Figure 3-12 The DC-link current, idc, the DB with a power supply fault occurring 
in phase A at t=0.2s 
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2) Discontinuous Mode 
In this case the switch sw1 is open and a large load resistance RL results in a small 
load current on the DC side which makes the inductor current discontinuous. The 
experiment starts with balanced voltages set vas=vbs=vcs=80V at 50Hz followed 
the loss of phase A supply (vas=0) at t=0.2s. The simulation and experiment values 
of vdc, iabc and idc are compared in Figure 3-13, Figure 3-14 and Figure 3-15 
respectively. 
 
As can be seen in Figure 3-13, vdc has a 6th harmonic under the balanced condition 
and a 2nd harmonic under the line fault condition. In both cases, the results from 
the DP model are well matched with experiment. 
 
The AC side currents from the experiment and the DP model, shown in Figure 
3-14, are well matched before and after the fault occur. The DC-link current idc, 
shown in Figure 3-15, indicates that the rectifier works under the DCM under both 
normal and faulty conditions. The results from the experiment and DP model are 
well matched in both cases. 
 
 
Figure 3-13 The DC-link voltage of the DB with a power supply fault occurring in 
phase A at t=0.2s 
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Figure 3-14 The AC side currents of the DB with a power supply fault occurring 
in phase A at t=0.2s 
 
Figure 3-15 The DC-link current, idc, the DB with a power supply fault occurring 
in phase A at t=0.2s 
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3.4.8 Error Analysis 
The input voltages of three-phase rectifier can be separated into positive and 
negative sequences. In the proposed DP model, the operation point is determined 
by the positive sequence and the negative sequence is treated as a disturbance. 
This consideration is true when the positive sequence is dominant. However, with 
the increase of the negative sequence, this consideration may give some 
discrepancy. Here, we define an unbalance factor Ȝ ,W LV the magnitude ratio 
between the negative voltage vector and the positive voltage vector and written as:  
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  (3-43) 
where หYԦSห represents the magnitude of positive sequence vector and ȁݒԦ௡ȁ denotes 
the magnitude of the negative sequence vector. Using the simulation scheme of 
Figure 3-8, we set the three-phase voltage source as: 
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The magnitude and angle of phase B are variables that can be set to any value 
before simulation. It can be understood that with Vm changing from 0 to 80V and 
bI  IURPWRʌ, the simulation condition will cover all balanced and unbalanced 
conditions. The dc-link voltages of the benchmark model and the DP model are 
compared and the error of DP model is defined as 
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 (3-45) 
where T is the fundamental period. Other electrical variables can be chosen to 
calculate the error. However, in this thesis, the dc-link voltage is selected. Figure 
3-16 shows the DP error (%) as a function of Vm and bI . Also shown is the 
corresponding unbalance factor Ȝ. It can be seen that the DP model error is a 
function of Ȝ. This is reasonable because the disturbance from the negative 
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sequence becomes more severe and thus the operation point will be shifted from 
{Vd0, Vq0}. The closer bI  is to 5ʌ/6 and Vm is to 120V, the larger Ȝ becomes and 
the error approaches a maximum. In practice, if the negative sequence becomes 
dominant, i.e. ȁYԦQȁ/หYԦSห>1, the operation point can be selected using the negative 
sequence and the positive sequence can be viewed as a disturbance. Thus, we only 
have to consider the conditions with ȁYԦQȁ_YԦS_א>@For the caseȁYԦQȁ_YԦS_  this 
corresponds to the balanced condition and the error is less than 2%. For the 
caseȁYԦQȁ_YԦS_ this corresponds to the line-to-line fault condition and the error is 
less than 15%, as shown in Figure 3-17 When Vm=0V, corresponding to the 
phase-to-ground fault condition, the error is very small and is always less than 2%.  
 
 
Figure 3-16 5HODWLRQVKLSEHWZHHQWKH'3PRGHO(UURUDQGȜ 
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Figure 3-17 )URQWYLHZRIWKHUHODWLRQVKLSEHWZHHQWKH'3PRGHO(UURUDQGȜ 
 
3.5 DP Model of Auto-Transformer Rectifier Units 
The multi-pulse ATRU is an essential element for supplying the main DC bus in 
an aircraft EPS. It essentially consists of two parts: a phase-shift transformer and a 
multi-pulse rectifier. Therefore, the development of DP models for ATRUs can 
also be separated into these two parts.  
 
Assuming the transformer saturation can be neglected, the electrical variables on 
the primary and secondary side will present a linear relationship, which can be 
conveniently transformed into the DP domain. The DP model of the rectifier part 
will be developed from the DP model of the three-phase diode rectifier in Section 
3.4. In this section, the DP model for an 18-pulse ATRU will be introduced. The 
performance and efficiency of the developed DP model is validated through 
comparison with benchmark model (in three-phase frame and referred to ABC 
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model, Section 2.1) and the DQ0 model (models in a synchronous rotating frame, 
Section 2.1).  
 
3.5.1 Benchmark Model of ATRU 
The ATRU presented in this section uses an 18-pulse differential delta connected 
autotransformer. The primary windings are delta connected and the secondary 
windings are pseudo star-connected, as shown in Figure 3-18. The three sets of 
secondary windings directly feed three sets of diode bridges, with their DC sides 
connected in parallel, as shown in Figure 3-19. The voltages on the secondary side 
windings are 40o shift from each other, as shown in Figure 3-20. With this type of 
configuration, there is no need for an inter-phase transformer and the three sets of 
diode bridges are equal to a nine-phase AC/DC converter.  
 
The design procedure for the autotransformer is presented in [71] and the 
parameters of ATRU are not given due to confidentiality issues. The switching 
model of diode bridges has been given in section 3.2.  
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Figure 3-18 Configuration of the differential-delta autotransformer     
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Figure 3-19 Configuration of an 18-pulse autotransformer rectifier unit 
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Figure 3-20 The voltage phasor diagram of the delta-type autotransformer for 18-
pulse operation 
 
3.5.2 DQ0 Model of the ATRU 
In the DQ0 model of the ATRU, the higher switching harmonics are neglected 
and only the fundamental component is considered. The development of the DQ0 
model consists of two steps. Firstly, we use the symmetry of the ATRU to reduce 
the system order, as shown in Figure 3-21. In this step the three-to-nine phase 
autotransformer is reduced to a three-to-three phase system. The primary side and 
the third channel on the secondary side of the transformer (marked in grey in 
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Figure 3-19), have been chosen to represent the whole system at this stage. The 
second step uses the ABC/DQ0 transformation to transform the derived three-to-
three phase system from the ABC frame to the DQ0 frame.  
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Figure 3-21 The equivalent representation of an 18-pulse ATRU 
 
1) Autotransformer 
The autotransformer part in Figure 3-21 represents the order-reduced 
autotransformer. The voltage and current relations between the output and input 
terminals at the transformer can be derived from the voltage phasor diagram 
shown in Figure 3-20 and written as: 
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 (3-47) 
where k1 =0.3471 and k2 =0.4133 are corresponding to the relative length of 1abc 
and 8abc in Figure 3-18 respectively. 7KHFRHIILFLHQWµ¶LQ the current relation is 
due to the fact that there are three channels on the secondary side.  
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Using the ABC/DQ0 transformation 
abcsdq fKf  0                                               (3-48) 
with 
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Implementing this ABC/DQ0 transformation on both sides of (3-46) and (3-47), 
yields the voltage and current relations in the DQ0 frame: 
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2) Rectifier 
In the ATRU, the combination of the three parallel diode bridges is essentially a 
nine-phase rectifier, with each leg conducting 40o
 
in the balanced condition, 
instead of 120o for a three-phase rectifier. Thus the voltage and current on the AC 
and DC sides should display a similar relationship as that in the three-phase 
rectifier. For an ideal nine-phase rectifier, the DC-link voltage is written as: 
                                       
2
'
2
')
9
sin(18 qddc vvv  SS  (3-52) 
where YG
  and YT
  are the d and q components of YDEF
   as shown in Figure 3-20. 
Compared with the DC-link voltage for the three-phase rectifier in (3-10), one can 
identify that the only difference between equations (3-52) and (3-10) is the 
coefficient. since the commutation loss of a three-phase diode bridge can be 
represented with a loss resistor on the DC-link side [21] and the commutation 
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happens every ʌLQVWHDGRIʌ/3, the commutation loss of this nine-phase rectifier 
becomes: 
                  dcs
dcs
dc iL
iL
v 1
1 9
9/
ZSS
Z   '                               (3-53) 
where Ls1 is the inductance in the front end of the rectifier and equal to Leq in the 
ATRU as shown in Figure 3-21. idc is the DC-link current. Combining equations 
(3-52) and (3-53) gives the DC link voltage as: 
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The relationship between the current vector at the AC terminals of the rectifier 
and DC-link currents of the rectifier part is: 
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S )9/sin(4
3  
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                                        (3-55) 
where 3i
&
 is the magnitude of the current vector for ia3,b3,c3. The calculation of the 
current vector angle is the same as that for the three-phase rectifier and is given as 
                           )/(tan ''13 dqi vv T                                       (3-56) 
Hence, the currents on the d and q axes are: 
                      
2
'
2
'
'
33,3
)9/sin(4
cos
qd
d
dcid
vv
viii

  S
ST&                  (3-57) 
                      
2
'
2
'
'
33,3
)9/sin(4
sin
qd
q
dciq
vv
v
iii

  S
ST&                (3-58) 
The Equations (3-54)-(3-58) establish the relationship between the currents on the 
AC and DC sides of the nine-phase rectifier. 
 
3) Equivalent RL Circuit 
The parameters Leq and Req can be calculated as below: 
                         
2N
L
LL pseq                                                (3-59) 
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2N
R
RR pseq                                               (3-60) 
Here, Lp and Ls are the primary and secondary leakage inductances of the 
transformer respectively, Rp and Rs are the primary and secondary winding 
resistances respectively. N is the turn ratio between the primary and secondary 
windings of the transformer. 
 
3.5.3 Dynamic Phasor Model of the ATRU 
The development of the DP model uses similar steps as those used in the DQ0 
model.  
 
1) Autotransformer 
The DP model of the transformer part in Figure 3-20 can be derived by 
transforming the voltage and current relations in (3-46) and (3-47) to the DP 
domain, applying the properties of DPs. As the higher harmonics are neglected 
and only the fundamental components are considered in the DP model, the DP 
index is set at K={1}. The voltage and current relations in the DP domain can be 
written as: 
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2) Rectifier 
The DP model of the rectifier part can be developed in the same way as is used for 
the three-phase rectifier discussed in Section 3.4. Compared with the three-phase 
rectifier, the first higher harmonic appearing in the DC-link side of the 18-pulse 
ATRU will be the 18th, rather than the 6th. This 18th harmonic will not be included 
in the DP model due to its high order and relatively little added value in the DP 
model. The DP model development process for this part is the same as that used 
for the three-phase rectifier. With the vdc function (3-27) replaced by (3-54) and 
using the Taylor expansion, the DP expression of vdc for the rectifier in ATRU can 
be given as 
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where 
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qd vvf  SS                                     (3-64) 
As has been discussed in Section 3.4.1, the DPs ½v¶d¾k and ½v¶q¾k (k=0,2) can be 
calculated with the DPs ½v¶abc¾1. Thus the vdc can be expressed using ½Y¶abc¾1 in the 
DP model.  
 
For the current relation, replacing (3-35) by (3-55), the DP currents in d and q 
axes can be written as: 
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With the DQ0/ABC transformation (3-42) and (3-40), the relation between idc and  
½i'abc¾1 in DP model can be derived. 
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3) Equivalent RL Circuit 
The DP representation for the RL has been reported in Section 2.4.2, and is 
rewritten below: 
                    kk
k
k iLjiRdt
id
Lv Z                                  (3-67) 
Thus the DP model of ATRU can be displayed in an electrical circuit as: 
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Figure 3-22 Electrical circuit representation of DP model of an 18-pulse ATRU 
 
3.5.4 Model Validation 
In this section, the effectiveness and performance of the developed DP ATRU 
model will be assessed. The simulation scheme is shown in Figure 3-18. The 
simulation results from three different models, i.e. ABC model, DQ0 model and 
DPABC model, are compared under balanced and unbalanced conditions. The 
consumed CPU time is tracked to evaluate the computation efficiency of these 
models. The evaluation of simulation accuracy is illustrated through comparing 
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plots of the AC currents flowing into the ATRU and voltages at the DC-link side. 
All the models are developed in the software Dymola.  
 
1) Balanced Conditions 
In this case, the three-phase voltage sources are balanced and a load step-up 
change is applied at t=0.1s. The system parameters are shown in Table 3-2. 
 
Table 3-2 Parameter for ATRU system simulation 
ATRU  
Power rate 150kW 
Transmission Line  
R  
L 2ȝ+ 
C 2nF 
DC-link  
Capacitors Cf1,Cf2 500ȝF 
Resistor RL1  
Resistor RL2  
RFault  1ȝ 
Figure 3-23 shows the transient response of ia,b,c flowing into the ATRU. Figure 
3-24 illustrates the transient response of vdc. With a step increase in the load, ia,b,c 
increase correspondingly and vdc reduces due to the voltage drop in the line 
impedance. The simulation results reveal that ia,b,c and vdc from the three different 
models are well matched and the results from the DQ0 and DPABC models 
reflect the fundamentals of those from the ABC model.  
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Figure 3-23 Phase currents flowing into the ATRU in the balanced condition with 
load change at t=0.1s 
 
Figure 3-24 DC-link voltage of the ATRU in the balanced condition with load 
change at t=0.1s 
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2) Unbalanced Conditions 
An unbalanced condition is simulated by implementing a line-to-line fault or a 
power supply fault in the transmission lines in the front end of the ATRU at 
t=0.15s, as shown in Figure 3-19. These two types of faults are of great concern 
for power system engineers. The DC-link voltage vdc and AC currents ia,b,c are 
selected to evaluate the accuracy of the models. 
 
Line-to-Line Fault Conditions 
A line-to-line fault occurs between phase A and phase B and the fault condition is 
simulated with a small resistance Rfault=10-6 ȍ. Figure 3-25 shows ia,b,c flowing 
into the ATRU. The ABC model and DQ0 model match very well before and after 
the fault occurs. Meanwhile a small discrepancy (less than 5%) can be identified 
between the ABC and DPABC models. As has mentioned before, the error in the 
DP models is a function of the unbalance factor Ȝ. This line-to-line fault will make 
Ȝ DWWKHSULPDU\VLGHRIWKH$758+RZHYHUGXHWRWKHSKDVH-shift transformer, 
the unbalanced factor Ȝ is reduced in the AC terminals of the rectifier and a 
smaller error is derived in this case. The DC-link voltages from the different 
models are well matched under line-to-line fault conditions, as shown in Figure 
3-26. 
 
Figure 3-27 shows the computation time comparison for the different models. 
Before the line-to-line fault occurs, the DQ0 model is the fastest model of the 
three techniques. However, under fault conditions, this modelling technique 
consumes a substantial amount of computation time and loses its efficiency. This 
is due to the second harmonics in the d and q axis in the DQ0 models. On the 
other hand, the DPABC model shows its advantage in the simulations under fault 
conditions, with the simulation being slightly slower than the DQ0 model under 
balanced conditions. In addition, the efficiency of DPABC model is unaffected by 
the line-to-line fault. Interestingly, the simulation of ABC model during the line-
to-line fault condition is faster than that in the balanced condition. It is known that 
the line-to-line fault at the AC side will reduce a three-phase rectifier to a single 
phase rectifier and thus the system order is reduced. Similarly, under line-to-line 
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fault conditions, the order of the 18-pulse ATRU system is also reduced and this 
is thought to be the reason for the simulation becoming slightly faster than that 
under the balanced condition.  
 
Figure 3-25 Phase currents flowing into the ATRU with line-to-line fault occurred 
at t=0.15s 
 
Figure 3-26 DC-link Voltage of the ATRU with line-to-line fault occurred at 
t=0.15s 
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Figure 3-27 Computation time comparison between different models with line-to-
line fault occurs at t=0.15s 
 
Line-to-Ground Fault Conditions 
A line-to-ground fault occurs between phase A and ground with Rfault=ȝȍ 
Figure 3-28 shows the ia,b,c flowing into ATRU. The results from the three 
techniques match very well under line-to-ground fault conditions. The plots of vdc 
from different models lay upon each other under line-to-ground fault conditions, 
as shown in Figure 3-29.  
 
The computation time comparison between the different techniques in Figure 3-30 
shows the efficiency of the DPABC model under both balanced and unbalanced 
conditions. The DQ0 model is the most efficient one under the balanced condition, 
but loses its efficiency under the line-to-ground condition. The ABC model keeps 
the same simulation efficiency and is the slowest one before and after the fault 
occurs. 
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Figure 3-28 Currents flowing into ATRU with line-ground fault occurs at t=0.15s 
 
 
Figure 3-29 DC-link voltage comparison between different modelling techniques 
with line-to-ground fault occurs at t=0.15s. 
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Figure 3-30 Computation time comparison between different modelling 
techniques with line-to-ground fault occurs at t=0.15s 
 
3.6 Conclusion 
In this chapter, the DP model for uncontrolled rectifiers has been introduced and 
developed. The algebraic relations between the magnitudes of the AC-side voltage 
and current vectors, and the DC-link voltage and current serve as the basis for 
developing the DP model. Mapping these vectors in to DP domain with 
corresponding three-phase DPs, the DP model can be derived. Furthermore, the 
higher harmonics can also be included in the DP model. In this chapter, the 6th 
harmonic component on the DC-link voltage has been used to demonstrate this 
capability. The unbalanced operation condition has also been handled with the DP 
model, where the negative sequence of the supply has been viewed as a 
disturbance in the model and the operation point selected according to the positive 
sequence.  
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The developed DP model of diode bridges has been validated through experiment 
and the effectiveness of the DP model has been demonstrated.  The error analysis 
shows the DP model error is a function of the unbalance factor Ȝ. The error 
analysis illustrates that dominant sequence should be selected to calculate the 
operation point and the non-dominant one can be viewed as the disturbance. By 
doing this, the DP model error can be limited to less than 10% under line-to-line 
fault conditions. 
 
Based on the DP model of the three-phase diode bridges, the DP modelling 
technique can be conveniently extended to modelling multi-pulse rectifiers. 
Neglecting the saturation of the transformers, the DP model for the ATRUs can be 
derived. In the case where the saturation modelling is required, the non-linearity 
can be written in a polynomial form which can be represented in DPs using the 
convolution property. This technique was used to represent the DB non-linear 
functions such as (3-27) and (3-28). 
 
In this chapter, an 18-pulse ATRU has been modelled with DPs. The DP ATRU 
model has shown impressive performance under both balanced and unbalanced 
operation conditions. Compared with well-established ABC and DQ0 models, the 
DP model is more time-efficient for unbalanced condition simulations. The 
developed ATRU model has been added to the DP based modelling library for 
future studies of EPS architectures in MEA. A full ATRU test rig for model 
validation is currently under construction and will be the subject of our future 
publications. 
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Chapter 4   
 
Dynamic Phasor Models of PWM 
Controlled Rectifiers 
4.1 Introduction 
In Chapter 3, we presented the DP modelling of uncontrolled rectifiers. In this 
chapter, we will extend the DP concept to modelling the Pulse-Width 
Modulated (PWM) Controlled Rectifier Unit (CRU). For rectifying the HVAC 
LQDLUFUDIW(36¶VWKH3:0&58KDVLWVDGYDQWDJHs. It does not need the heavy 
and complex autotransformer system; the output voltage is controlled; it is 
inherently bi-directional and can control the active and reactive power on the 
AC side. With these advantages, the CRU will be increasingly used in AC 
distribution aircraft power systems to supply the essential electrical loads such 
as the flight control actuation. This chapter will focus on the development of 
the DP model of the CRU. 
 
The control of the CRU uses the concept of vector control which exploits a 
synchronously rotating reference frame with its d axis fixed on the AC voltage 
vector. This technique was developed from field oriented control techniques 
for AC drives in the early 1980s [72]. The control objectives of the CRU are to 
regulate the output voltage on the DC-side, to achieve the controlled power 
factor operation on the AC-side, and to obtain a fast dynamic response to line 
and load disturbances.  
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The three-phase model of the CRU has been presented in [73], where the 
fundamental switching functions were used to derive the variable relations on 
the DC and AC sides. The state-average models of the CRU in the synchronous 
frame have been developed in [74, 75] and have demonstrated good accuracy. 
Based on these works, a non-switching functional DQ0 model of CRU was 
developed in [76] and illustrated high accuracy within MEA functional-level 
requirements. The model developed in [76] also demonstrates high 
computational efficiency under balanced conditions. However, under 
unbalanced and line fault conditions, the simulation speed reduces significantly 
due to the second harmonic in the system. This lends motivation for the 
development of DP models of this device. 
 
In this chapter, the DP model of the CRU will be developed and validated with 
experiments under both balanced and unbalanced conditions. The DP model is 
developed through modelling the electrical converter and the control system 
separately. The DP model of an electrical converter is based on the three-phase 
non-switching model of CRU. The vector control of the CRU is mapped into 
DPs using a constant-speed rotating frame (dq frame) with its initial angle 
ș0=0o. The controller is expressed using state-space equations which are 
transformed to the DP domain using DP properties. Projecting the current 
vector to the voltage vector and expressing the projections in terms of DPs, and 
combining this with the DP-domain controller, the DP model of the CRU 
control system can be derived.  
 
The DP CRU model handles unbalanced conditions in a similar way to that of 
the DP model of uncontrolled rectifiers. The operation of the CRU is assumed 
to be determined by the positive sequence in the system. The negative 
sequence of the system under unbalanced conditions is viewed as a disturbance. 
However, the error of the DP CRU model is smaller than that of the DP 
uncontrolled rectifier model. This is due to the fact that, the switching 
behaviour of the CRU is controlled based on the voltage and current vectors 
and the variables on AC and DC sides are related with modulation functions. In 
the DP model, these two vectors are modelled in the dq frame and the angle 
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between these two vectors is well approximated in the DP domain under both 
balanced and unbalanced conditions. Thus the DP CRU model presents better 
accuracy compared with the DP uncontrolled rectifier during unbalanced 
conditions, as can be seen later in this chapter. 
 
The structure of this chapter is as follows: firstly, the DP model of the CRU 
will be discussed in detail. After that, the experiment validation of the CRU is 
presented. The efficiency of the DP model is demonstrated through comparison 
with other different models, including the ABC and DQ0 models. The 
conclusion is given in the end of this chapter. 
 
4.2 Dynamic Phasor Model of the CRU  
The PWM controlled rectifier unit is well-known from previous publications 
[65, 77] , and the topology is shown in Figure 4-1. With the voltage vector 
aligned with the d axis in a synchronous rotating frame, denoted as DQ frame, 
the projections of the current vector onto the D and Q axes correspond to the 
active power and reactive power components respectively. This allows 
independent control of the active and reactive power flow. The voltage vector 
angular position ș is derived from a Phase-Locked Loop (PLL) [78].  
 
The PLL has been widely used in distributed generation systems, Flexible AC 
Transmission systems (FACTs), static VAR compensators, active power filters 
and other systems connected to the utility [79]. A common configuration of a 
PLL is shown in Figure 4-2 and is called the Synchronous Reference Frame 
PLL (SRF-PLL) [80]. The SRF-PLL has been widely used for three-phase 
applications including grid synchronization and autonomous operation of PECs 
due to it simple structure and fast response characteristics [81]. In the SRF-
PLL, the three-phase voltages are transformed to vd and vq. Setting YT to zero, 
the angle ș* is found to be the angle of the voltage vector [80].  
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Figure 4-1 Structure of the PWM controlled rectifier  
 
PI
vq
vq
*
=0 Ȧ 1
S
ș*
abc/dq0 
transformation
va
vb
vc
 
Figure 4-2 Synchronous frame PLL scheme 
When estimating the phase angle of the positive sequence, this SRF-PLL 
suffers from double-frequency error when there is unbalance in the system. For 
power conditioning equipment such as active filters, VAR compensators etc. 
the angle of positive sequence is needed for achieving the desired goal of the 
system. A large number of research activities have developed PLL design, 
including double SRF-PLL (DSRF-PLL) [82], Double Second-Order 
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Generalized Integrator PLL (DSOGI-PLL) [83], SRF-PLL with Positive 
Sequence Filter (PSF-PLL) [84] etc. All these enhanced PLLs are basically 
adding some filter in front of the SRF-PLL. For example, the DSRF-PLL 
separates the positive and negative sequences and then applies the SRF-PLL to 
the positive sequence as shown in Figure 4-3. 
vq
+
 ș*Decoupling 
scheme
Įȕ
abc
vĮ
vȕ SRF-PLL
va
vb
vc
 
Figure 4-3 DSRF-PLL scheme 
The enhanced PLLs have more complex structures than the conventional SRF-
PLL and still need further investigation for aircraft applications. In this thesis, 
we focus on the modelling of the CRU with the conventional SRF-PLL. 
However, the DP modelling developed in this chapter can be conveniently 
extended to modelling the CRU using other enhanced PLLs. The PLL basically 
provides a filtered version of the angle atan-1(vȕ/vĮ) or DWDQ-YȕYĮ. The time 
constant is in the order of milliseconds and thus in the functional DP model, 
the filter impact is neglected and the vector angle is used directly. 
 
The CRU is essentially composed of two subsystems: the electrical converter 
and the control system, as shown in Figure 4-1. The DP model of the electrical 
converter is based on the non-switching models of the CRU, and the DP model 
of these two subsystems will be developed separately. The DP modelling of the 
control system needs more discussion. Firstly, the DP expression of the time-
domain voltage and current vectors introduced in section 3.4.1 will be used. 
Secondly, the projection of the current vector to the voltage vector is mapped 
into DPs. Finally, the DP models of the controller are developed. 
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4.2.1 Developing the DP Representation of the Control System 
1) Expression of Vectors in Dynamic Phasors 
The DP expression of time-domain vectors has been well discussed in Chapter 
3. However, in order to make this chapter self-contained, some key equations 
will be rewritten in this section. Here, the DPs will be represented in the dq 
frame. This is not the DQ frame as will be discussed later. 
 
The voltage vector is defined as: 
 3/23/232 SS jcjba evevvv  &                                (4-1) 
The current vector is defined in the same way. In the rotating dq frame, the 
voltage vector in (4-1) can be expressed as: 
^ ` ^ `22200 qdtjqdqdtj jVVejVVjvvev    ZZ&                  (4-2) 
The first term on the right side of (4-2) arises from the positive sequence with 
no harmonics and the real and imaginary part represents the DC components of 
vd and vq respectively. The second term arises from the negative sequence and 
represents the second harmonic of vd and vq. Thus the DP index set for ۃYGۄN 
and ۃYTۄN should be chosen at K={0,2}. The variables Vd0, Vq0, Vd2 and Vq2 can 
be calculated as follows: 
       
> @3/2
1
3/2
110 Re3
2 SS j
c
j
bad evevvV
                         (4-3a) 
             > @3/2
1
3/2
110 Im3
2 SS j
c
j
baq evevvV
                         (4-3b) 
              > @3/2*
1
3/2*
1
*
12
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3
2 SS j
c
j
bad evevvV
                         (4-3c) 
            > @3/2*
1
3/2*
1
*
12
Im
3
2 SS j
c
j
baq evevvV
                        (4-3d) 
The dynamic phasors for vd and vq can be calculated using (4-2) and (4-3) 
together with the DP definition. The current vector can be dealt with in the 
same way. The DPs of vectors in the rotating dq frame are summarized in 
Table 4-1.  
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Table 4-1 Dynamic phasors for CRU input voltage and current in 
synchronously rotating frame 
Variable 
Dynamic phasors 
k=0 k=2 
vd   
vq   
id   
iq   
 
2) Active and Reactive Current Components 
The control structure shown in Figure 4-1 considers a rotating frame fixed on 
the voltage vector. Thus the active power and reactive power can be controlled 
by the projections of the current vector onto the real and imaginary axes 
respectively. Under balanced conditions, this frame rotates at a synchronous 
speed Ȧ. However, under unbalanced conditions, this frame rotation speed Ȧ 
includes a second harmonic ripple due to the negative sequence. This rotating 
frame, generally elliptic, is denoted as DQ frame in this thesis and the 
corresponding current components are denoted as iD and iQ. In the DQ frame, 
the D-axis is always fixed on and synchronized with the voltage vector. 
However, the elliptical rotation of DQ frame makes the DPs of iD and iQ 
mathematically complicated to derive under unbalanced conditions. 
 
The transformation of vectors from Įȕ frame to the DQ frame is obtained by 
multiplying H-MșY with the voltage vector, i.e.  
vevv vjDQ
&&&    T                                                (4-4) 
where șv is the voltage vector angle in Įȕ frame as shown in Figure 4-4 and can 
be written as: 
¿¾
½®¯­ ¿¾
½®¯­
 
D
ET
v
v
ve
vm
v
11 atan)(
)(
atan &
&
                              (4-5) 
00 dd Vv  2/)( 222 qdd jVVv  
00 qq
Vv  2/)( 222 dqq jVVv  
00 dd Ii  2/)( 222 qdd jIIi  
00 qq
Ii  2/)( 222 dqq jIIi  
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Under balanced conditions, șv is with a linear function of Ȧand equal to ȦWș0. 
However under unbalanced conditions, șv fluctuates due to the negative 
sequence and can be express as  
tv )( ZZT '                                                  (4-6) 
ZKHUH¨Ȧ=0 under balanced conditions. Thus the current vector in DQ frame 
can be written as 
^ `
^ ` v
v
v
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c
j
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Combining (4-6) and (4-7) gives 
^ `
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         (4-8) 
It can be noticed from (4-8) that the calculation of DPs of iD and iQ is not 
mathematically convenient due to the term e-M¨ȦW. This is due to the 
discontinuous atan-1 function. In addition, the DPs of the vector DQ 
components will fluctuate under unbalanced conditions due to the term e-M¨ȦW. A 
sliding window with width T ʌȦ and DP index set at K={0,2} will result. 
 
To avoid the cumbersome calculation of DPs of currents iD and iQ in the DQ 
frame, we choose another rotating frame denoted as the dq frame in this thesis. 
The dq frame is a frame rotating at the basic frequency of the AC supply Ȧ 
under both balanced and unbalanced conditions. The selection of this dq frame 
allows us to conveniently represent the d and q components of voltage and 
current vectors in DPs. Under both balanced and unbalanced conditions, the 
DPs in the dq frame are always dc-like, as shown in Table 4-1. In reality, the 
DQ and dq frames have an angle difference denoted as ׋, as shown in Figure 
4-4. In the balanced condition, this angle is constant and is determined by the 
initial phase angle of voltage angle ș0. However, under unbalanced conditions, 
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this angle ׋ fluctuates with time due to the time-varying rotating speed of the 
DQ frame.  
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Figure 4-4 Frame considerations for development of the DP CRU model 
With the chosen dq frame, the voltage and current vectors conveniently are 
represented in DPs and expressed in term of ۃYDEFۄN and ۃLDEFۄNas shown in 
(4-2) and (4-3) and Table 4-1. As mentioned before, the D axis is fixed onto 
the voltage vector, thus the components iD and iQ always represent the active 
and reactive power. In the DP model, these two components iD and iQ will be 
represented by the current component in the dq frame, id and iq and then 
transformed to the DP domain. According to Figure 4-4, the relation between 
the input current components in the DQ and dq frames at any instant can be 
derived as: 
               II sincos   qdD iii                                       (4-9a) 
               
II cossin-  qdQ iii                                     (4-9b) 
Mapping (4-9) into the DP domain can be achieved using the DP convolution 
property. The DPs of id and iq are needed and have already been derived in 
Table 4-1. The DPs for the functions sinI and cosI are also required. Under 
unbalanced conditions, the angle I is time-varying and these sinusoidal 
functions can be expressed via the voltage dq components as: 
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22
1 ),(cos qddqd vvvvvf   I                          (4-10) 
                   
22
2 ),(sin qdqqd vvvvvf   I                          (4-11) 
The DP forms of (4-10) and (4-11) can be derived in the same way as that used 
in Section 3.3.4 and are written as: 
^ `
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The DP transformation of (4-9) is written as: 
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                           (4-14) 
02202202
sinsincoscos   MMMM qqddD iiiii       (4-15) 
022002202
coscossinsin MMMM qqddQ iiiii        (4-16) 
Hence, all DPs constituting the controlled variables, i.e. iD and iQ, are derived. 
From the basic principle of CRU control, the components ۃୈۄଶ  and ۃL4ۄshould be controlled to zero. The component ۃ୕ۄ଴ controls the reactive 
power and the component ۃL'ۄۃୈۄ଴ controls the active power and hence the 
DC-link voltage. 
 
3) Dynamic Phasors for the CRU controller 
In this section, we will introduce the DP model of a PI controller. However, the 
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DP model of any other pole-zero controllers can follow the same procedure as 
that used for the PI controller here. 
 
As shown in Figure 4-1, the control structure of the CRU employs 
proportional-integral (PI) controllers that should be converted into the DP 
domain. The state-space equation for the PI controller in the time domain is: 
                                     
  ukx i                                           (4-17a) 
                       
xuky p    
                                       (4-17b) 
where u is the input, x is the state variable, and kp and ki are the proportional 
and integral gains correspondingly. This equation can be converted into 
dynamic phasors as: 
                                   kki
k xjkuk
dt
xd Z                      (4-18a) 
                                   
kkpk xuky                              (4-18b) 
The selection of the DP index for the controller should be chosen the same as 
WKDWIRU½iD¾k DQG½iQ¾k and is set at K={0,2} 
 
4) Modulation Index and Transformation to Three-phase Coordinates  
The CRU control output is a three-phase modulation index mabc. However the 
modulation index produced by the current controller mDQ is in the DQ frame. 
The angle between the DQ frame and the static Įȕ frame is (ȦW׋) as shown in 
Figure 4-4. The relation between mDQ to mabc is: 
                   > @ > @TQDsTcba mmmmm    K                              (4-19) 
where the transformation matrix Ks is: 
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(4-20) 
As discussed in previous sections, under unbalanced conditions the voltage 
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vector angle I is not constant and includes harmonics. Therefore the DPs of 
elements in Ks are not constant complex numbers as in Table 2-1. The DP of 
Ks can be derived by two steps: firstly expanding all the elements in the matrix 
into a series of sinusoidal functions of ȦW and ׋; secondly using the DP 
property to transform the functions derived in the first step into DPs. For 
example, the element cos(ȦW+ĳ-ʌ) can be expanded as: 
^ `)cos3(sinsin)sin3cos(cos5.0)3/2cos( IIZIIZSIZ   ttt
(4-21) 
The DPs for all the sinusoidal functions are already known according to Table 
2-1 and (3-39). In addition, the DP index for cosȦW (k=1) and cos׋ (k=0, 2) 
determines that the DP index set for Ks should be set at K={1, 3} according to 
the DP convolution property. The DP transformation of (4-21) can be written 
as: 
2
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The DPs for other elements of Ks can be calculated in a similar way. Since only 
the fundamental of the AC variables is considered, the DP index is k=1. 
Applying the DP convolution and conjugate properties, the DPs for (4-18) can 
be established as: 
*
2
3
2
*
1
0
1
1
»¼
º«¬
ª»¼
º«¬
ª»¼
º«¬
ª 
»»
»
¼
º
««
«
¬
ª
Q
D
s
Q
D
s
Q
D
s
c
b
a
m
m
m
m
m
m
m
m
m
KKK
        
(4-24) 
Here ۃ.Vۄ and ۃ.Vۄ are the DP transformation of Ks.  
  
Chapter 4: Dynamic Phasor Models of PWM Controlled Rectifiers 
100 
4.2.2 Electrical Converter 
The Electrical converter of the CRU will be represented with the voltage and 
current relations on the DC and AC sides as mathematic functions, rather than 
using electrical switches. This is also true for the DP models. The relationship 
between variables on the AC side and the DC side can be expressed as [76]: 
                                  abcabc Mv dcv5.0                                  (4-25) 
                            abc
T
abciM5.0 dci                                     (4-26) 
where 0DEF ሾPD PE PFሿ7 , YDEF ሾYD YE YFሿ7 and LDEF ሾLD LE LFሿ7 
Variables vdc and idc are the dc-link voltage and current respectively. The DP 
transformation of (4-25) and (4-26) can be derived with the DP convolution 
property. Only the fundamental component is considered on the AC side (DP 
index k=1) and only the DC component is considered on the DC side (DP 
index k=0). The transformation of these equations into dynamic phasors is as 
follows: 
                     
101 5.0 abcabc Mv dcv                             (4-27) 
*
110
5.0 abcTabc iM dci
                            
 (4-28) 
 
4.2.3 Model Assembly 
The above derived DP equations constitute the core model of the CRU. As a 
signal flow diagram the model is given in Figure 4-5. This model can be 
directly applied for simulation studies when the whole EPS is modelled in the 
DP domain [37]. In this case all the required inputs (supply voltages, input 
currents and the DC voltage) are available in DP forms, and the outputs of the 
model (CRU terminal voltages and the DC current) can be directly interfaced 
with the other DP models. The signal flow can be easily conceived through 
comparison of Figure 4-1 and Figure 4-5. All the 2nd order DP references ۃL'ۄUHI 
and ۃL4ۄUHI are always set to zero in the DP model. In order to achieve the unity 
power factor on the AC side, ۃL4ۄUHI is set to zero. It can also be seen from 
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Figure 4-5 that the system order is increased compared with the three-phase 
domain model in Figure 4-1. However since the DPs are dc-like in steady state, 
a significant acceleration in simulation is expected even with a relatively 
higher order system (to be confirmed in the following sections). 
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Figure 4-5 DP domain model of the active front-end rectifier 
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Figure 4-6 Three-phase interfacing of the DP CRU model 
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In order to allow a wider application of the DP CRU model, an interface 
between the time-domain model and the DP model is developed as well. The 
CRU model with the time-domain interface is shown in Figure 4-6. Apart from 
the DP calculators, the interface module also includes the DP-domain 
equations for the buffer RL circuit to link the CRU terminals. 
 
4.3 Model Experiment Validation 
A test rig was set up to validate the developed DP model. The CRU was 
supplied by a programmable AC source Chroma 61705 capable of generating 
balanced and unbalanced sets of three-phase voltages. The CRU control is 
implemented using a digital signal processor TMS320C671 connected to an 
FPGA board for data acquisition and sampling. The SRF-PLL is implemented. 
The system scheme is shown in Figure 4-7. The parameters are given in Table 
4-2. 
 
Table 4-2 Experimental system parameters 
Parameters Values Note 
R ȍ Front-end resistance 
L 3 mH, Front-end inductance 
C ȝ) DC-Link capacitor 
R1 200 ȍ Resistive load 
R2 92 ȍ Resistive load 
fsw 10 kHz Switching frequency 
fc  10 kHz Data Sampling frequency 
Kpv 0.03 Proportional gain of voltage loop 
Kiv 0.6 Integral gain of Voltage loop 
Kpi 4.5 Proportional  gain of current loop 
Kii 2115 Integral gain of current loop 
Kp_PLL 3553 Proportional gain of PLL 
Ki_PLL 6.3e5 Integral gain of PLL 
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Figure 4-7 CRU validation scheme 
 
4.3.1 Response to vdc Step under Balanced Conditions 
In this experiment, the CRU is supplied by a balanced voltage source with 
80Vrms at 400Hz. The CRU is loaded by R1. The DC-link voltage reference 
changes from 200V to 270V. The simulation and experiment results of vdc and 
ia,b,c are compared in Figure 4-8 and Figure 4-9 respectively.  
 
As can be seen from Figure 4-8, the vdc from DP model well reflects the 
average value of that from the experiment. Even during the transient period, the 
result from DP model is well matched with the experiment result. The AC 
currents ia,b,c from the DP model well represents the fundamentals of those 
from the experiment as shown in Figure 4-9.  
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Figure 4-8 DC voltage in response to a step in voltage demand under balanced 
conditions 
 
Figure 4-9 AC currents in response to a step in voltage demand under balanced 
conditions 
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4.3.2 Dynamic Responses under Unbalanced Conditions 
In this section, the DP model was experimentally tested under conditions where 
the three-phase source involves a small unbalance. The imbalance was made 
small in order to avoid the trip of the rig. Two different cases were tested: a 
DC-link voltage step change and a DC-link load change. 
 
1) DC-link Voltage Step Change 
In this case, A step in DC-link voltage from 250V to 270V has been applied to 
the CRU with the voltage source chosen at va=80V, vb=90V, vc=100V at 
400Hz. The CRU feeds R1 only. The simulation and experiment results of vdc 
and ia,b,c in this case are compared in Figure 4-10 and Figure 4-11 respectively. 
It can be seen from Figure 4-10 that vdc from the DP model well matches the 
experiment. With higher DC-link voltage, the resistive load draws more current 
from the converter. This results in an increase in AC current, as can be seen in 
Figure 4-11.  
 
Figure 4-10 DC voltage in response to a step in voltage demand under the 
unbalanced supply condition 
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Figure 4-11 Input currents in response to a step in voltage demand under the 
unbalanced supply condition 
 
2) Load Step Change 
A step in the load (Rload changed from R1 to R2) is applied to the CRU system. 
The supply voltage is set at Va=65V, Vb=70V, Vc=60V and DC-link voltage is 
controlled at 185V. The experiment results are compared against the simulation 
results in Figure 4-12 and Figure 4-13. The response of the DC-link voltage in 
Figure 4-12 is from load current step due to the load change and the voltage 
control loop regulates the vdc back to 185V after. The results from the DP 
model well present the average value of those from experiment. In Figure 4-13, 
ia,b,c from the DP model represents the fundamentals of those from 
experiments. As can be seen, with the increase of the load on the DC-link side, 
the AC currents increase at the same time. 
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Figure 4-12 DC voltage in response to a load impact under unbalanced supply 
condition  
 
Figure 4-13 Input current in response to a load impact under unbalanced supply 
condition  
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4.3.3 Dynamic Responses under Line Fault Conditions 
In this section, the DP model is tested under even more severe unbalanced 
conditions: open-circuit conditions and line-to-line fault conditions. 
 
1) Open Circuit Conditions 
In this experiment, the open-circuit fault was implemented with phase C be an 
open circuit. Phases A and B voltages are set at 80Vrms at 400Hz. A step of 
the DC-link voltage demand is implemented in the CRU. The vdc and ia,b,c from 
the DP model and experiment are compared in Figure 4-14 and Figure 4-15. 
These results show that the model accurately reproduces the dynamics of DC 
voltage, as well as the behaviour of CRU input current under the phase loss. 
 
Figure 4-14 DC-link voltage in response to a step in voltage demand under 
open-circuit fault conditions 
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Figure 4-15 AC currents in response to a step in voltage demand under open-
circuit fault conditions 
2) Line-to-Line Fault Conditions 
Due to the high current of the short circuit fault, the validation of the DP model 
under line-to-line fault conditions was conducted using only a benchmark 
simulation. The system parameters are slightly different from the experimental 
rig and are shown in Table 4-3. 
Table 4-3 System parameters for simulation for line-to-line fault conditions 
Parameters Values Note 
R ȍ Front-end resistance 
L 1.25 mH, Front-end inductance 
C ȝ) DC-Link capacitor 
fsw 10 kHz Switching frequency 
Kpv 1.187 Proportional gain of voltage loop 
Kiv 93.25 Integral gain of Voltage loop 
Kpi 3.76 Proportional  gain of current loop 
Kii 4430 Integral gain of current loop 
Kp_PLL 3553 Proportional gain of PLL 
Ki_PLL 6.3e5 Integral gain of PLL 
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Table 4-4 Simulation events under line-to-line fault conditions 
Time Event 
t=0s Simulation starts 
t=0.1s 
Line-to-line fault occurs 
between phase A and B 
t=0.2s 
Load current changes 
from 5A to 10A 
t=0.3s vdc reference changes 
t=0.4s Simulation ends 
 
The CRU behaviour model (ABC model) is used as the benchmark. In the 
ABC model, the electrical converter in Figure 4-1 is modelled with controlled 
ideal switches. The carrier-based PWM is used and the switching signals are 
generated by comparing the modulation signal mabc and a switching-frequency 
triangular carrier [85]. The results from CRU behavioural models (ABC model) 
and DP models are compared and the events in the simulations are shown in 
Table 4-4. 
 
The DC-link voltage from the ABC and the DP model is shown in Figure 4-16. 
It can be seen that the result from DP model well represents the average value 
of that from the ABC model during all the transient and steady states. In the DP 
model, the voltage vector angle is well approximated with DPs in the dq frame 
where the error of the DP model very small. The error is smaller than the 
corresponding case in the uncontrolled diode rectifier. The error difference of 
these two DP models is mainly due to difference in the switching behaviour 
between the CRU and the uncontrolled rectifier. In the CRU model, the 
switching behaviour in the converter is modelled with modulation functions (4-
25) and (4-26). These functions are conveniently transformed into the DPs (4-
27) and (4-28). The appropriate appoximation of the current components iD and 
iQ in the DP domain, under both balanced and unbalanced conditions, and the 
accurate DP modelling of the controllers make the DP CRU model represent 
the control system very well and give an accurate value of the modulation 
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index in DPs. Meanwhile, the switching behaviour of the uncontrolled rectifier 
is exclusively dependent on the condition of the circuit. The switching 
behaviour is assumed to be exclusively dependent on the positive sequence 
voltage vector under both balanced and unbalanced conditions. The impact of 
the votlage negative sequence is considerred as a disturbance to the system. 
This assumption means that the accuracy of the DP model for the uncontrolled 
rectifier is dependent on the severity of the unbalance, i.e. the unbalance factor 
ȜDVVKRZQLQ&KDSWHU 
 
The AC currents flowing into the CRU are shown in Figure 4-17, Figure 4-18 
and Figure 4-19. At each simulation event, one can notice that the currents 
from the DP model well represent the fundamental components of the currents 
from the ABC model. It can also be seen that during the line-to-line fault 
conditions, the current in the phase A is equal to that in the phase B.  
 
Figure 4-16 Dynamic response of vdc under line-to-line fault conditions; 
comparison between the DP model and the behavioural model  
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Figure 4-17 Currents flowing into CRU, iabc under a line-to-line fault; 
comparison between the DP model and the behavioural model 
 
Figure 4-18 Current Flowing into CRU, iabc for a load change under line-to-line 
fault conditions; comparison between the DP model and the behavioural model 
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Figure 4-19 Current Flowing into CRU, iabc for a the vdc change under line-to-
line fault conditions; comparison between the DP model and the behavioural 
model 
The comparison between the results from the DP model and the ABC model 
simulation above validates the accuracy of the DP model under balanced, 
unbalanced and line-fault conditions. As the DP model addresses at the 
functional modelling level, the higher harmonics are neglected. The DC-link 
voltage from the DP model represents an average value of that from the 
experiment. Meanwhile, the AC currents from the DP model give the 
fundamentals of those from the experiment or the ABC models. Apart from the 
accuracy, the efficiency is also a very important aspect for functional models. 
However, for model efficiency studies, it is also convenient to consider the 
functional time domain DQ0 model of the CRU. This is now considered in the 
following section. 
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4.4 DQ0 Model of the CRU 
The DQ0 model of CRU has been well developed in previous work [76]. It will 
be used here as one of the comparison models for simulation efficiency 
assessment of the modelling methods. In order to make this thesis self-
contained, the development of the CRU model in the DQ0 frame is briefly 
described in this section. 
 
In the developed DQ0 model, the voltages and currents on the AC and DC 
sides are related by: 
2
dc
qsq
v
mv                                                    (4-29) 
2
dc
dsd
v
mv                                                   (4-30) 
 ddqqdc imimi  43                                       (4-31) 
Here, the d axis is aligned with the voltage vector of the three-phase source. 
The simulation scheme of DQ0 model thus can be drawn in Figure 4-20. 
R
di
-ȦLiq
R L
qi
ȦLid
vd
vq
vcd
vcq
ddim4
3
qqim4
3
dcv


Control part  
Figure 4-3
di
qi
dcv
*
dcv
0*  qi
dciL
 
Figure 4-20 DQ0 model of the CRU 
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The DQ0 model can also be connected to the three-phase model using the 
DQ0/ABC transformation. The transformation matrix is the same as Ks in (4-
19). 
 
4.5 Comparison of Simulation Times 
4.5.1 Simulation Schemes 
In this section the computational efficiency of the DP model is assessed. The 
simulation scheme is shown in Figure 4-21 and the parameters are given in 
Table 4-5.  
Table 4-5 The set of parameters for the CRU in Figure 4-21 
Parameters Value Description  
Vs 115Vrms Phase supply voltage 
fe 400Hz Frequency of the source  
fsw 10kHz Switching frequency 
Prated 10kW Power rate of the CRU 
R  Resistance of the boost inductor 
L 1mH The boost inductor 
C 2.4mF DC-link capacitance 
Rt  Transmission line resistance 
Lt 1ȝH Transmission line inductance 
Ct 2nF Transmission line capacitance 
Kpv 1.187 Proportional gain of voltage loop 
Kiv 93.25 Integral gain of Voltage loop 
Kpi 3.76 Proportional  gain of current loop 
Kii 4430 Integral gain of current loop 
Rf 1m Fault resistance 
Kp_PLL 3553 Proportional gain of PLL 
Ki_PLL 6.3e5 Integral gain of PLL 
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The computation times consumed by five different models under balanced and 
unbalanced conditions are monitored during the simulation processes.  
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Figure 4-21 Circuit diagram of EPS for computation time comparison 
The five different models are used for computation time comparative studies: 
(a) Three-phase model with switching behaviour in the CRU. It is a 
behavioural model and is illustrated in Figure 4-22 (a) and is referred to as 
ABC model in the text below. 
(b) DQ0 model, in which the all AC variables are represented in terms of the 
synchronously rotating frame orientated on the supply voltage vector. This 
model is given in Figure 4-22 (b). There are no three-phase variables in this 
model.  
(c) DQ0 model with ABC interface. The functional DQ0 CRU model is used 
but with the three-phase interface as shown in Figure 4-22 I. The AC 
system is seen by the user as a three-phase system and the DQ0/ABC 
transformation is not visible. This model is referred to as DQ0/int model in 
this section. 
(d) DP model, where all the elements are in DPs, as shown in Figure 4-22 (d). 
This model does not include three-phase time-domain variables. In the text 
below this model is referred to as DPABC model. 
(e) DP model with ABC interface. The DP CRU model is used with the three-
phase interface as shown in Figure 4-6. The AC system is seen by the user 
as a three-phase system and the DP formulation is not visible. This model is 
shown in Figure 4-22 I and is noted as the DP/int model. 
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It is important to point out that in these five models, only the ABC model 
includes switching behaviour and is at the behaviour modelling level. The other 
four models are all at the functional modelling level. 
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Figure 4-22 Five different models for computation time comparative studies a) 
ABC model, b) DQ0 model, c)DP model, d) DQ0/int model, e) DP/int model 
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The simulation scenario is set at 1s of EPS operation including a step of DC 
load current iL from 5A to 10A occurring at t=0.2s and a line-to-ground fault 
occurring at t V7KHIDXOWLVLPSOHPHQWHGE\XVLQJDPUHVLVWRULQWKH
ABC model. In the DQ0 model, the fault is modelled using an inductance 
matrix as shown in Appendix III. The simulation results are discussed below. 
All the models are established in Modelica/Dymola 2012 environment. 
 
4.5.2 Simulation Results 
The transient of vdc due to the load change under the balanced conditions from 
different models is shown in Figure 4-23. It can be seen that the results from 
the five different models are well matched in this case.  
 
Figure 4-23 Models comparison: DC-link voltage transient due to a step 
change in the DC load under balanced conditions  
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Figure 4-24 Models comparison: DC-link voltage transient due to a step 
change in DC load under unbalanced conditions  
The transient of vdc after the fault occurs is shown in Figure 4-24. After the 
line-to-ground fault, vdc includes a small 800Hz ripple in the ABC, DQ0 and 
DQ0/int models. This is due to the negative sequence in the system under line-
to-ground fault conditions. Results from the DP and DP/int models represent 
the DC component of vdc and agree with the average value of vdc of the ABC 
model. 
 
The computation times taken by different models are shown in Figure 4-25. All 
the functional models are faster than the ABC model. This is due to the neglect 
of the higher harmonics in the functional models. Under balanced conditions, 
the DQ0, DQ0/int models are slightly faster than the DP and DP/int models. 
However, after the fault occurs, the DQ0 and DQ0/int models become much 
slower compared with the simulation under balanced conditions. This is due to 
the second harmonic in the DQ0 systems. On the other hand, the DP and DP/int 
models still keep the same simulation speed and there is virtually no difference 
in the curve slopes  
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Figure 4-25 Consumed computation time by different models  
The acceleration index of the functional models is shown in Table 4-5. It can 
be seen that the DQ0 model is 1635 time faster than the ABC model neglecting 
the initialization time. The DP model is 262 times faster than the ABC model 
in this case. Under unbalanced conditions, the DP model is 28 times faster than 
the ABC model. 
 
Table 4-6 CPU time taken for balanced scenario simulation 
 (The initialization time is ignored) 
Model ABC DQ0 DP DQ0/int DP/int 
Balanced conditions (0-0.5s) 
CPU time(s)  40.888 0.025 0.156 0.092 1.463 
Performance index 1 1635 262 444 28 
Unbalanced conditions (0.5-1.0s)    
CPU time taken(s) 59.512 12.584 2.087 14.637 2.644 
Performance index 1 5 28 4 22 
Total Simulation time 100.40 12.61 2.24 14.73 4.12 
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4.6 Conclusion 
In this chapter, the DP modelling technique is extended to the modelling of the 
PWM controlled rectifier. The developed DP model is suitable for accelerated 
VLPXODWLRQV RI (36¶V DW the functional level. The DP model of the CRU 
consists of two parts: an electrical converter and its control system. The DP 
model of the electrical converter is derived by transforming the non-switching 
model of the CRU into the DP domain. The DP model of the control system 
involves a new rotating frame, the dq frame, which is rotating at a constant 
VSHHG Ȧ. This dq frame allows a more convenient way to map the rotating 
voltage and current vectors into the DPs. In the dq frame, the active and 
reactive power currents (iD and iQ) are expressed with d- and q-axis current 
components (id and iq). Using the DP properties, the DP forms of iD and iQ can 
be represented by ۃLGۄ  and ۃLTۄ . Combining the DP model of the PI 
controller and the electrical converter, the full DP model of the CRU can be 
derived. 
 
The DP model is able to handle the unbalanced operation conditions. In the DP 
model, the positive sequence is viewed to be the component determining the 
operation point of the CRU. The negative sequence is viewed as a disturbance 
and its impact is included in the 2nd order DPs in the selected dq frame. 
Compared with the uncontrolled rectifier, the DP model of PWM controlled 
rectifiers presents better accuracy under line-to-line fault conditions. The error 
difference of these two DP models is mainly due to the switching behaviour 
diffrence between the CRU and the uncontrolled rectifier. In the CRU model, 
the switching behaviour in the converter is modelled with modulation functions 
and these functions are conveniently transformed into the DPs. The control of 
the CRU is dependent on the current component iD and iQ. The appropriate 
appoximation of these two components in the DP domain under both balanced 
and unbalanced conditions, and the well-modelled DP-domain controllers 
make the DP CRU model accurately model the control system of the CRU, and 
give accurate values of the modulation index in DPs. This makes the error of 
Chapter 4: Dynamic Phasor Models of PWM Controlled Rectifiers 
122 
the DP model very small. Meanwhile, the switching behaviour of the 
uncontrolled rectifier is exclusively dependent on the condition of the circuit. 
The switching behaviour is assumed to be dependent on the positive sequence 
of the voltage vector under both balanced and unbalanced conditions. The 
negative sequence is considerred as the disturbance in the DP model. Thus the 
accuracy of the DP model for the uncontrolled rectifier is dependent on the 
severity of the unbalanced condition, i.e. unbalance factor Ȝ 
 
The developed DP model is validated experimentally under balanced, lightly 
unbalanced and open-circuit fault conditions. Due to the high current during 
short circuits, the validation of the DP model under line-to-line fault conditions 
is accomplished by comparing with the ABC model through simulations. Good 
agreement has been demonstrated by comparison the results from the 
simulations of the DP model and the experiment/simulation. Five different 
models, i.e. ABC model, DQ0 model, DP model, DP/int model and DQ0/int 
model, have been used and simulated under unbalanced and unbalanced 
conditions. The efficiency of the DP model has been demonstrated through 
simulations. Compared with DQ0 and DQ0/int models, the two DP-based 
models maintain a nearly constant fast simulation speed under both balanced 
and unbalanced conditions.  
 
The developed CRU model has been added to the DP based modelling library 
for accelerated studies of future MEA EPS architectures at the functional level. 
This library will provide an efficient and accurate tool for system engineers to 
design and optimize a variety of EPS architecture candidates. 
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Chapter 5 
 
Dynamic Phasor Models of Controlled 
Multi-Generator Systems 
5.1 Introduction 
Aircraft electrical systems have made significant advance over the years as 
aircraft have become more dependent upon electrically powered services. A 
typical EPS of the 1940s and 1950s was the twin 28 VDC system. This system 
was widely used on twin engine aircraft with each engine powering a 28VDC 
generator. In this system, one or two DC batteries were also fitted and an 
inverter was provided WRVXSSO\9$&WRWKHÀLJKWLQVWUXPHQWV [7]. 
 
With the increase of electrical power loads on board, much greater power is 
required and the 28VDC system cannot satisfy the requirement. The advent of 
V-bombers introduced a new era for aircraft power system which changed the 
aircraft industry radically. The V-bombers were fitted with four 115VAC 
generators operated at 400Hz. This system has remained dominant [7]. 
 
The AC power system results in better design and allows greater use of 
electrical and electronic devices. Modern civil aircraft use a three-phase 
115VAC, 400Hz AC power system. The primary source of the EPS is a three-
phase AC generator driven by the aircraft engine. This generator comprises 
three separate units consisting of a Permanent Magnet Generator (PMG), an 
exciter generator and a main generator, as shown in Figure 5-1 [7]. 
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Figure 5-1 generator electrical scheme 
The PMG provides the single phase, AC voltage to the voltage regulator. The 
voltage regulator rectifies and modulates the PMG output. This regulated 
output supplies power for the exciter field winding, allowing generation of AC 
voltages on the exciter rotor.  
 
The main generator is a wound-field, synchronous machine. The wound rotor, 
when excited with DC current supplied by the exciter, establishes magnetic 
flux in the air gap between the rotor and the stator. This magnetic flux induces 
alternating voltage in the stator. The magnitude of this stator AC voltage is 
proportional to the DC current supplied by the exciter rotor. This DC current is 
in turn depends on the voltage of the exciter stator. Therefore, the main 
JHQHUDWRU VWDWRU¶V $& YROWDJH LV GHWHUPLQHG E\ WKH PDJQLWXGH RI WKH H[FLWHU
stator voltage.  
 
In conventional aircraft, a Constant Speed Drive (CSD) is used to compensate 
for changes in the aircraft engine speed and fixes the generator output 
frequency at a nominal 400Hz. Load and fault transient limits are within 380 to 
420Hz range. The CSD is a complex hydro-mechanical device and has 
relatively low efficiency of power conversion. In addition, this device by its 
nature is not highly reliable. In order to improve fuel efficiency and power 
system reliability, the CSD is removed from the system and the generator is 
directly driven by the aircraft engine in the MEA. Since the frequency of AC 
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power varies in proportion to the engine speed, the frequency of such a power 
system can vary from 360-900Hz. In the MEA, the main AC power supply is 
set at the high voltage 230VAC in order to allow for high power transmission 
[12]. 
 
Apart from the engine-driven generator, an Auxiliary Power Unit (APU) is 
equipped in the aircraft. The APU is used when engine-driven generators are 
not operating, for example during the start-up period, ground maintenance and 
emergency in-flight power loss conditions. The external power source also 
provides ground crews with electrical power for servicing, fuelling and 
performing maintenance actions etc. 
 
In this thesis, the three-stage power generator is represented by the main 
synchronous generator with its excitation voltage controlled by a generator 
control unit (GCU), as shown in Figure 5-2. The mechanical behaviour and 
turbine model are not considered. The speed Ȧr is considered to be constant or 
slowly varying. 
+
-
fdv
ifd
SG
n
Ȧr
abcsv
GCU
 
Figure 5-2 The equivalent circuit for the generating system in aircraft 
Several different models for the GCU controlled SG shown in Figure 5-2 will 
be introduced in this chapter. These are the benchmark model (ABC model), 
the DQ0 model and the DPABC model. In the ABC model, the stator windings 
are modelled in three-phase ordinates and the rotor windings are modelled in 
the dq frame. The d axis is aligned with the rotor. Transforming the three-phase 
stator variables into the dq frame results in the DQ0 model. The DPABC model 
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is based on the ABC model and all the variables are transformed into DPs 
using the DP properties. 
 
In an DLUFUDIW (36 LW LV GHVLUDEOH WKDW µQR-EUHDN¶ RU XQLQWHUUXSWHG SRZHU LV
provided in cases of engine or generator failure. A number of sensitive aircraft 
instruments and navigation devices which comprise some of the electrical loads 
may be disturbed and may need to be restarted or re-initialised following a 
power interruption. No-break power transfer is also important during start-up 
in the transition from ground power or APU generated power to aircraft main 
generator power (or vice versa during the shutdown) [7]. Again, this is to avoid 
malfunction or resetting of electrically powered equipment. In order to satisfy 
this requirement, two generators will need to be connected to the same bus 
GXULQJWKHWUDQVLHQWSHULRG:HFDOOWKLVFRQQHFWLRQ³SDUDOOHOLQJ´RIJHQHUDWRUV 
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Figure 5-3 Multi-generator system in EPS of aircraft 
As shown in Figure 5-3, during the L-generator start-up period, BCB1 and 
GCB3 are closed and the APU generator supplies electrical power to main left 
AC bus feeding various electrical loads during the start-up period, including 
the fuel control, ignition, engine starting, acceleration and monitoring etc. 
When the main engine ignites, the main generator is ready to feed the main bus. 
In order to meet the no-break requirement GCB1 will close when the output 
frequency of the L-generator and the APU generator are similar. The 
paralleling of the main generator and the APU generator exists for a short 
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period, e.g. 10ms, before BCB1 is opened. Then the SG starts to supply the 
main AC bus independently. The R-generator start-up circle is similar to that of 
the left generator. 
 
It is also possible that parallel operation of multiple generators in normal 
conditions is a future trend for DC architecture EPS¶V, where the main HVDC 
bus is fed by multiple generators with CRUs. With the droop control, the 
generators, with different frequencies and load angles, can supply the HVDC 
bus in parallel and share the load during operation. 
 
Modelling the parallel SG system in the DQ0 frame or DP domain is not 
without challenges. The main challenge is from the fact that multiple 
generators imply multiple dq frames in the DQ0 model and multiple sliding 
windows (or base frequencies) in the DP model. The parallel operation requires 
a common reference frame in DQ0 and DP models. Thus the relations of 
variables in different frames need to be developed in DQ0 and DP models. 
 
In this chapter, we will firstly introduce the modelling of one GCU controlled 
SG in the ABC frame, DQ0 frame and DPs. The ABC model of the controlled 
SG, used as the benchmark will be developed with the stator and rotor 
windings modelled in their own frames respectively. Using the ABC/DQ0 
transformation and aligning the d-axis with the rotor, the benchmark model is 
transformed to the DQ0 frame. Transforming the variables in the ABC model 
into DPs, the DP model for controlled SG can be derived. After that, the 
application of the ABC, DQ0 and DP models in multi-generator systems will 
be discussed in detail. The developed DQ0 and DP models will be validated by 
comparing with the ABC model.  
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5.2 Benchmark Model of the Controlled Wound-
Field Synchronous Generator 
The modelling of synchronous machines has been an important topic in power 
system engineering for many decades. Today there are a large number of 
different models used in different studies. The benchmark model, or ABC 
model, for the synchronous machine described in [60] will be briefly 
introduced in this section. The synchronous machine is represented by the 
voltage and flux equations. This representation is commonly used in 
electromagnetic transient studies as well as in transient stability studies and 
will be used as the benchmark model in this thesis. 
 
In the ABC model of synchronous machines, the stator windings are modelled 
in three-phase coordinates and the rotor windings are modelled in dq 
coordinates where the d axis is aligned with the rotor.  
 
The three-phase, wound-field salient synchronous generator has three identical 
armature windings symmetrically distributed around the air gap and one field 
windings (fd winding). One or more damper windings can also be present and, 
for convenience, we assume that damper windings are present in the d and q 
axis (kd and kq windings). The synchronous machine is shown in Figure 5-4.  
.
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Figure 5-4 scheme of a synchronous machine 
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In order to derive the ABC model, the following assumptions are made: 
x The direction of positive stator currents is out of the terminals. 
x The rotor currents are assumed to be positive when they flow into the 
machine. 
x All rotor windings are sinusoidally distributed. 
x All the rotor variables are referred to the stator side. 
x The saturation is not considered 
With these assumptions, the voltage equations of the synchronous machine can 
be expressed in a matrix form as: 
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where the general vector  
> @Tcsbsasabcs xxx      x                                   (5-2) 
> @Tkqkdfddqr xxx      x                                  (5-3) 
In the above equations, the s and r subscripts denote variables associated with 
the stator and rotor windings respectively. The matrix rs is the resistance of 
stator windings and rr is the resistance of rotor windings. These matrices can 
be given as: 
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In (5-1), the flux linkages can be written as: 
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where Lss denotes the stator self-inductance matrix, Lrr is the rotor self-
inductance, Lrs and Lrs are the mutual inductance. These inductance matrices 
are given below: 
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T
srrs LL 3
2                                              (5-10) 
In (5-7), La>Lb and Lb is zero for a round rotor machine and the rotor angle 
șr= ݕȦrGWș0. In The leakage inductances are denoted with l in the subscript. 
The magnetizing inductances are defined as: 
 bamd LLL  2
3
                                        (5-11) 
 bamq LLL  2
3
                                       (5-12) 
The parameter and variable definitions for the above equations are: 
șr: rotor electrical angle; 
vabcs: stator terminal voltages; 
iabcs: stator terminal currents; 
Ȝabcs: flux linked with stator windings; 
Ȝdqr: flux linked with rotor windings; 
vfd: field winding terminal voltage ( referred to the stator side); 
ifd: field winding terminal current ( referred to the stator side); 
ikd: d-axis damping winding current ( referred to the stator side); 
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ikq: q-axis damping winding current ( referred to the stator side); 
Rs: stator phase resistance; 
Rfd: field winding resistance (referred to the stator side); 
Rkd: d-axis damping winding resistance (referred to the stator side); 
Rkq: q-axis damping winding resistance (referred to the stator side); 
Lmd: d-axis coupling inductance; 
Lmq: q-axis coupling inductance; 
Llfd: field winding leakage inductance (referred to the stator side); 
Llkd: d-axis damper winding leakage inductance (referred to the stator side); 
Llkq: q-axis damper winding leakage inductance (referred to the stator side) 
Lls: stator phase leakage inductance; 
 
Equations (5-1)-(5-10) give the benchmark model of the SG. The terminal 
voltage of the SG is regulated by the GCU. The control block diagram and the 
operational principle are shown in Figure 5-5. The inner loop controls the 
excitation current of the exciter. The outer feedback loop provides the 
generator voltage regulation. The AC terminal voltages of the SG are measured 
and the instantaneous magnitude of the voltage vector vT is calculated. The 
error between the reference voltage Y7  and vT is processed by a PI controller 
with gains Kpv and Kiv to produce the excitation current demand LIG .  
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Figure 5-5 The equivalent circuit for the generating system in aircraft 
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The voltage regulator design is based on the no-load machine model which is 
given by [86]: 
 ' 01)(
)(
dfd
mdr
fd
q
sTR
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sV
 
Z
                                 (5-13) 
where 7G
  is the time constant of the transient d-axis circuit under no-load 
conditions and is given as: 
fd
fd
d R
L
T  0                                                 (5-14) 
where  
mdlfdfd LLL                                        (5-15) 
The equation (5-13) allows the design of the PI controller. With the required 
bandwidth (Ȧn) and WKHGDPSLQJUDWLRȗWKHJDLQVLQWKHFRQWUROOHUare given 
below: 
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The current controller design is based on the transfer function as follows: 
)(1)( sv
sLR
si fd
fds
fd                                      (5-18) 
With the required bandwidth (Ȧn1DQGWKHGDPSLQJUDWLRȗ1), the gains in the 
controller are given below: 
fdfdnpi RLK  112 Z]                                       (5-19) 
2
1nfdii LK Z                                                    (5-20) 
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5.3 DQ0 model of the Controlled Wound-Field 
Synchronous Generators 
In order to accelerate computation, we have seen that the AC variables can be 
transformed to the rotating dq frame. In the dq frame, the variables are dc-like 
under balanced conditions and hence the simulation speed is significantly 
increased. In this section, we will introduce the DQ0 modelling of the 
controlled wound-field SG. The developed DQ0 models will later be used in 
the comparative studies with ABC and DP models. 
 
The DQ0 model of the SG has been reported in [87]. The main results will be 
briefly introduced in this section. The DQ0 representation of the SG model 
involves the ABC/DQ0 transformation of the stator winding in (5-1). With the 
d axis of the rotating reference frame aligned to the rotor, all the stator AC 
variables have been transformed to this dq frame. The DQ0 model of the 
generator is expressed as: 
dqrdsd dt
diRv OOZ                                        (5-21) 
qdrqsq dt
diRv OOZ                                        (5-22) 
000 Odt
diRv s                                                   (5-23) 
fdfdfdfd dt
diRv O                                              (5-24) 
kdkdkdkd dt
diRv O  0                                         (5-25) 
kqkqkqkq dt
diRv O  0                                         (5-26) 
)( kdfddmddlsd iiiLiL  O                           (5-27) 
)( kqqmqqlsq iiLiL  O                                     (5-28) 
Chapter 5: Dynamic Phasor Models of Controlled Multi-Generator Systems 
134 
00 iLls O                                                            (5-29) 
)( kdfddmdfdlfdfd iiiLiL  O                          (5-30) 
)( kdfddmdkdlkdkd iiiLiL  O                          (5-31) 
)( kqqmqkqlkqkq iiLiL  O                                  (5-32) 
In the above equations, Ȧr denotes the rotor electrical speed; vd and vq denote 
the stator d- and q-axis terminal voltages; id and iq denote stator d- and q-axis 
terminal currents. Other parameters have been introduced in the previous 
section and will not be listed here. 
 
Based on (5-21) to (5-32), the DQ0 model of the synchronous generator can be 
depicted by an equivalent circuit of Figure 5-6. The stator windings are 
magnetically coupled due to the presence of the cross-coupling terms in d and 
q axes. For each axis, the coupling term is equal to the product of the rotor 
electrical speed and the total stator flux linked with the stator winding of the 
other axis. If the synchronous machine has no damper winding, the equivalent 
circuit can be adapted by removing the corresponding branch which represents 
the damper winding. 
 
In the DQ0 model, the GCU is also employed to regulate the terminal voltage 
of the SG. The control block diagram of the GCU is shown in Figure 5-6. The 
d and q axes of the terminal voltage are calculated to obtain the instantaneous 
magnitude of the AC voltage vector. The design process is the same as that in 
the ABC model and shown in (5-13)-(5-20). 
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Figure 5-6 The DQ0 model of the synchronous generator with the GCU 
 
5.4 Dynamic Phasor Model of Controlled 
Synchronous Generators 
In this section, the DP model of the SG will be introduced. The DP model of 
the SG is based on the ABC model shown in (5-1) to (5-10) and thus denoted 
as the DPABC model. Using the DP transformation on both sides of these 
equations yields: 
kabcs
kabcs
kabcskabcs jdt
d ȜȜirv s Z                   (5-33) 
kdqr
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As mentioned before, the DP index set defines the accuracy of the DP model 
and has to be decided at the start of modelling. For the stator variables, we only 
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consider the fundamental components since the DP model is targeted at the 
functional level. Thus the DP index set for the stator variables is as K={1}.  
 
The rotor-winding variables are modelled in their own frame. Under balanced 
conditions, these variables are dc-like. However, under unbalanced conditions, 
the negative sequence appears in the stator side and results in the second 
harmonic in the rotor-winding variables due to the coupling. Thus the DP index 
set for the rotor-side variables is chosen as K={0, 2}. The DP index for each 
particular variable is shown in Table 5-1. 
Table 5-1 Dynamic phasor index used for DPABC model of the SG 
Variables 
Dynamic phasor index set 
K ^«` 
vabcs, iabcs, Ȝabcs 1 
Ȝqdr,vqdr, iqdr 0, 2 
Parameters  
Lss 0, 2 
Lrs, Lsr 1 
Lrr 0 
 
The inductance matrices used in the DP formulation can be derived from (5-7)-
(5-10) using the DP property and Table 2-1. These matrices are written below: 
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where ș0 is the initial angle of the rotor. 
 
The DP model of the GCU raises two issues: the PI controller and the DP 
expression of the magnitude of the voltage vector ȁYԦȁ. The DP model of PI 
controllers has been discussed in Chapter 4. The DP value of the magnitude of 
voltage vectors has been illustrated in Chapter 3 but is reproduced here. The 
magnitude of a voltage vector is: 
22
,1 )( qdqd vvvvvf   &                                    (5-42) 
The dynamic phasors of voltage magnitude are derived as: 
 
2
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2
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*
224
*
22300 qdqdqqdd
vvvvkvvkvvkkv  &
    (5-43a) 
22212 qd
vkvkv  &                                (5-43b) 
where ki (i « LV WKH 7D\ORU FRHIILFLHQW of the expansion of (5-42). The 
calculation of these coefficients ki (i « is covered in Section 3.4.1 and 
Appendix II. The DP model of PI controllers is given in Section 4.2.1. The DP 
model of the GCU controlled SG is shown in Figure 5-7. 
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Figure 5-7 DP model of electrical power generation system  
 
5.5 Modelling of Multi-generator Systems 
As mentioned before, the parallel operation of generators is essential during 
engine start-up or shutdown. The transition of power from/to the APU 
generator to/from the main generator involves the parallel operation of two 
generators. In addition, the EPS architecture with multiple generators 
supplying one main HVDC bus is one option for future aircraft. In this 
architecture, the EPS involves multiple generators with different instantaneous 
frequencies operating in parallel during normal operation conditions. 
 
In this section, the developed DQ0 model and the DPABC model will be 
extended to modelling multi-generator parallel-operation systems. A common 
reference frame, called the master frame, is chosen in the multi-generator 
system and all the variables in the model are referred to the master frame. As 
one can see later in this section, the transformation between different frames 
can be represented with some simple algebraic functions. This makes the 
application of the theory developed in this section convenient to be 
implemented. 
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5.5.1 Multi-generator System Modelling in DQ0 Frame 
As can be seen in Section 5.3, the DQ0 model of SGs requires the rotor 
position. In multi-generator systems, the rotor position of each generator is 
independent and each generator has its own rotating dq frame. When the 
generator operates individually, the EPS can be divided into several 
subsystems with each subsystem containing one generator and its loads.  
 
In normal operation conditions, the subsystems work separately and there is no 
problem if there are many dq frames in the system. However, during start-up or 
shutdown, the two generators are connected in parallel. In this case, a common 
frame, called the master frame, is needed and all the variables in different dq 
frames need to be referred to this master frame. 
 
In the DQ0 model of multi-generator systems, the master dq frame is chosen to 
EH DOLJQHG ZLWK RQH JHQHUDWRU¶V URWRU FDOOHd the master generator. Other 
generators are called slave generators and their dq frames are called slave 
frames correspondingly. In the multi-generator system, the generators are 
modelled in their own dq frames. However, all the loading system is modelled 
in the master frame. The slave generators connect with the load through an 
interface which transforms variables from slave frames to the master frame. 
 
A twin generator system is shown in Figure 5-8. The whole system is divided 
into two subsystems. Each subsystem has one generator with its own reference 
frame (d1q1 frame and d2q2 frame) rotating at Ȧ1 and Ȧ2 separately. The output 
of the two SGs are denoted as YԦ , LԦ  and YԦ , LԦ  respectively. The subscript 
number in the variables of Figure 5-8 denotes the subsystem number or the 
generator number. The superscript denotes the frame number. For example, 
YG means the d component of generator voltage vector YԦ in the frame 1. Here, 
we assume the d1q1 frame as the master frame and the d2q2 frame as the slave 
frame. These two frames have an angle different ĳ, as shown in Figure 5-9. 
Correspondingly, SG1 is denoted as the master generator and SG2 as the slave 
generator. For simulation studies, it is reasonable to assume that the master 
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generator never fails since one can always choose the non-failure one to be the 
master generator. 
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Figure 5-8 Multi-generator system configuration 
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Figure 5-9 Different reference frames transformation  
The components of vector YԦ in the d2q2 frame are YG  and YT . However, in the 
master d1q1 frame, the components become YG  and YT . The relation of the 
components in the slave frame and the master frame can be expressed as: 
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where  
   
   »¼
º«¬
ª

 
1212
12121
2
cos      sin
sin   cos
TTTT
TTTT
K                         (5-45) 
Here, .is called frame transformation matrix. The angle ș is expressed as:  
³ dt11 ZT                                             (5-46) 
³ dt22 ZT                                             (5-47) 
The transformation in (5-44) is also true for the current vector of the slave 
generator. With (5-44), an interface can be developed to connect the slave 
generators with loads modelled in the master frame. For multi-generator 
systems, the DQ0 model thus can be developed with following procedure: 
 
1) A master reference is selected. This means one generator is selected to be 
the master generator. Other generators are called slave generators and their 
reference frames are call slave frames correspondingly; 
2) All the SGs are modelled in their own frame but the loads are directly 
modelled in the master reference frame;  
3) The master generator supplies the load directly 
4) Each slave generator supplies the load through an interface which 
transforms the variables from the slave frame to the master frame. 
 
The DQ0 model of multi-generator EPS is illustrated in Figure 5-10. The 
master generator supplies the loading system directly and the slave generators 
supply the loading system with interfaces. The subsystems modelled in the 
master frame have been highlighted out in a green dash-lined box. 
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Figure 5-10 Scheme of multi-generator system in the DQ0 frame  
 
5.5.2 Multi-generator System Modelling with Dynamic Phasors 
In this section, the DP model will be extended to modelling multi-generator 
systems. The DP modelling of the multi-generator system can be achieved by 
two methods: the first method is using a master frame for the whole system and 
all the subsystem variables are referred to this master frame. This method is 
similar to what has been used in the DQ0 model. The second method is to 
model the SG of different frequencies separately in the DPs. When the SGs are 
working in parallel, DPs with different frequency corresponding to the 
generator can exist in the system and independent from each other. This 
method is very useful when the frequency difference is large, for example, 
when the high switching frequency is considered in the system. However, this 
method involves more variables and thus results in a higher-order system since 
the DP model should include all the DPs with different base frequencies. In this 
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thesis, we mainly focus on the first method and the transformation of DPs 
between different frames will be detailed in this section. 
 
For the same time-domain waveform, the DP transformation with different 
base frequencies will define distinct series of DPs. Let a time-domain 
waveform xp(t) be associated with the pth generator with a frequency Ȧp. Then 
the DP of xp(t) can be written as  
...2,1,0   ,)(1)(   ³


ndex
T
tX
t
Tt
jn
p
p
pn
p
p WW WZ
                  (5-48) 
where Ȧp ʌ7p. TKHILUVWVXEVFULSWµp¶LQXpn(t) means the DPs are in the Ȧp 
frame and the VHFRQGVXEVFULSWµn¶JLYHVWKH'3LQGH[LQWKLVIUDPHThe DPs 
for the same signal xp(t) in the Ȧ1 frame can be written as 
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where Ȧ1 ʌ717KHILUVWVXEVFULSWQXPEHUµ1¶ LQ;PS W denotes the DPs are 
in the Ȧ1 frame and µm¶ JLYHV WKH '3 LQGH[ LQ WKH FRUUHVSRQGLQJ IUDPH The 
VXSHUVFULSWµp¶LQ;PS W denotes the DP corresponds to the time-domain signal 
associated with the pth generator. In this section, the Ȧ1 frame is referred to as 
the master frame. The Ȧp (p1) frame is referred to as the slave frame. The 
generators are referred to as the master generator and the slave generator 
correspondingly. 
 
Combining (5-48), (5-49) and the inverse DP transformation (2-1), the relation 
between the DPs in the master frame and DPs in the slave frame can be 
expressed as 
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Considering that in the integration term, Xpn(t) is a slave-frame DP at the time 
LQVWDQW µt¶ DQG FRQVWDQW GXULQJ WKH integration interval [t-T1,t], the term Xpn(t) 
Chapter 5: Dynamic Phasor Models of Controlled Multi-Generator Systems 
144 
can be moved outside the integration. Exchanging the integration and sum 
calculation order yields: 
,....2,1,0,)(1)(
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The equation (5-51) reveals that the DPs of xp(t) in the master frame ;PS W can 
be expressed as an algebraic sum of DPs in the Ȧp frame, Xpn(t). According to 
the DP definition (2-2), the coefficients of Xpn(t) in (5-51) can be viewed as the 
mth DP of HMQȦSW in the Ȧ1 frame and denoted as ۃHMQȦSWۄP. The coefficients are 
called DP frame transformation coefficients (FTCs). Therefore, (5-51) can be 
written as  
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               (5-52) 
Applying the DP definition in (2-2), the FTCs can be calculated as 
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Defining QȦS-PȦ ¨ȦQPS , (5-53) can be rewritten as 
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Using the Euler formula, (5-54) can be written as 
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Considering the following sinusoidal functions: 
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Substituting (5-56) and (5-57) into (5-55) yields: 
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Using the Euler formula, (5-58) can be written as: 
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Defining the following coefficient: 
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Substituting (5-59) and (5-60) into (5-52) gives: 
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With (5-61), the relation of DPs in different frames is derived and the DPs in 
the Ȧp slave frame can be transformed into the Ȧ1 master frame. The equation 
(5-61) also implies that, after the frame transformation, the DPs in the master 
frame spread the entire frequency axis, even if the DP in the Ȧp frame includes 
only one single component. For example, let the DPs of xp(t) in the Ȧp frame 
include only the n=1 component Xp1(t). Using (5-61) and transforming the Ȧp-
frame DPs to the master frame, the DPs will include DP components with 
m «GXH WR WKH QRQ-zero coefficients &QPS . Even though one can 
approximate the DPs ;PS W (m « E\ WUXQFDWLQJ KLJKHU RUGHU '3V WKH
system order has increased due to the increase of DP components included in 
the system. This makes the application of (5-61) very difficult and another 
method is proposed. 
 
As only the fundamental component is considered in the DP model, we assume 
that the time-domain waveform xp(t) with frequency Ȧp is 
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)cos()( MZ  tAtx pp                                 (5-62) 
Choosing the base frequency Ȧp, the DP Xpn(t) can be calculated as 
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From (5-63), one can see that in the Ȧp frame, all the DPs except Xp1(t) are 
equal to zero. With (5-61), the DPs Xpn(t) can be transferred to the master 
frame with 
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where ¨ȦPS  ȦS-PȦ. As shown in (5-64), the Ȧp-frame DP Xp1(t) becomes a 
series of DPs with a wide range of frequency components in the master frame. 
This makes the frame transformation difficult to calculate and impractical for 
applications. To make progress, we note that in the slave frame, the DPs of xp(t) 
only include the n=1 component, as shown in (5-63). It would be convenient if 
the DP transformation from the Ȧp frame to the Ȧ1 frame can be accomplished 
with the DP index remaining the same, i.e. m=1. 
According to (5-64), we define a complex variable ;S
W as:  
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Combining (5-64) and (5-65) gives: 
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                     (5-66) 
Equation (5-65) illustrates a linear relation between ;S
W and the DP of xp(t) 
in the master frame, ;S W. This indicates that ;S
W is still in the master frame. 
Equation (5-66) reveals that the DP ;S
W can be derived from a rotation of 
transformation of the DP Xp1(t). With the same magnitude, these two variables 
have a phase angle difference ¨ȦS W ȦSW-ȦW. Applying (2-2), (5-65) and (5-
66), the time-domain waveform xp(t) can be traced back from ;S
Wwith 
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^ ` ^ ` ^ `tjptjtjptjpp eXeeeXeetXetx ppp 111 '11'111 22)(2)( ZZZZ    '             (5-67) 
The equations (5-65) and (5-67) illustrates that the complex variable ;S
 W can 
be used as a DP in the master frame. The DPs in the master frame and the DPs 
in the slave frame are related with a rotating functionHM¨ȦS W, as shown in (5-
66). The introduction of this extra complex variable makes the frame 
transformation more convenient and mathematically easier for application.  
 
An interface can be developed based on (5-67). The interface allows 
subsystems modelled in different DP frames to be connected and is written as: 
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Figure 5-11 DP modelling of multi-generator systems 
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The multi-generator system in DP domain can be represented in Figure 5-11. 
As can be seen, the master generator connects to the load system directly. The 
slave generators connect to the load system using an interface based on (5-68). 
All the load system is modelled in the master frame, Ȧ1 frame. 
 
5.6 Model Validation 
In this section, two test cases have been simulated to illustrate the efficiency 
and accuracy of the DP model. The first case is simpler and consists of two 
unsynchronized generators and some RL loads. The second case studies a twin- 
generator system with ATRU supplying the main DC bus to show that the 
proposed method is also valid for nonlinear systems.  
 
In both cases, the two generators work separately in the beginning, then 
connect in parallel for a short period, 100ms, and work separately again. Three 
modelling techniques are compared in this section, i.e. the DP model (denoted 
as DPABC), models in the ABC and DQ0 frames (denoted as ABC and DQ0 
respectively). The ABC model can be conveniently applied to model the multi-
generator system. The multi-generator system is built based on the model 
discussed in Section 5.5. All the models and simulations have been done in 
Dymola 2012. 
 
5.6.1 Twin-Generator System with RL Loads 
In this case, two synchronous generators with different frequencies are used to 
supply identical load systems, as shown in Figure 5-12. The transmission lines 
are modelled as an RLC circuit. The parameters for the system are shown in 
Table 5-2. In the DP and DQ0 models, the frame relating to SG1 is chosen to 
be the master frame. 
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Table 5-2 The set of parameters of the basic generator-load system  
Parameters Values Description  
Synchronous Generator 120kVA rated with GCU 
Rs  Stator resistance 
Lls ȝ+ Stator leakage inductance 
Lmd 0.221mH 
Stator d-axis magnetizing 
inductance 
Lmq 0.162mH 
Stator q-axis magnetizing 
inductance 
Rf P Field resistance 
Llf ȝ+ Field leakage inductance 
Rkd  d-axis resistance 
Llkd ȝ+ d-axis leakage inductance 
Rkq  q-axis resistance 
Llkq 0.144mH q-axis leakage inductance 
P 2 Pole pairs of the generator 
V*T 230Vrms Voltage command of GCU 
Ȧn,voltage 10Hz (Kpv=1.38, Kiv=188.4) 
Natural frequency of voltage loop 
in GCU 
Ȧn,current 100Hz (Kpi=0.05, Kii=100.4) 
Natural frequency of current loop 
in GCU 
RLine  Transmission line resistance 
Lline 24uH Transmission line inductance 
Cline 20nF Transmission line capacitance 
R  Load resistance 
L 1mH Load inductance 
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Figure 5-12 Simulation scheme of a simple twin-generator system 
The fundamental frequency of SG1 is set at 400Hz and SG2 is set at 410Hz. 
The initial rotor angle of SG1 is set at ș0=0o and SG2 set at ș0=90o. Initially 
these two generators supply their loads respectively. At t=0.2s, s1 is closed and 
the two generators are connected in parallel. At t=0.4s, s1 opens and the two 
subsystems are separated. At t=0.5s, the simulation is terminated.  
 
The load currents in phase A from different models are shown in Figure 5-13. 
Before t=0.2s, the two generators work separately. Due to the GCU control of 
the generator terminal voltages, the magnitude of the currents through load1 
and load2 are constant during this period. When the two generators are 
connected, the currents in both load1 and load2 start beating due to the 
frequency difference of the two generators. After 0.1s, the two generators work 
separately and the currents become constant again. During all the simulation 
period, the results from three modelling techniques are well matched as shown 
in Figure 5-13.  
 
The DPs of phase A currents of load1 and load2 are shown in Figure 5-14. 
When the two subsystems operate separately, the load currents in subsystem1 
are dc-like since the frequency of SG1 (400Hz) has been chosen as the master 
frame. However the load currents in subsystem2 exhibit a 10Hz fluctuation due 
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to the frame transformation. When the two generators are connected in parallel, 
the load currents in both subsystems fluctuate at 10Hz.  
 
Figure 5-13 Load currents comparison between different DP model and ABC 
model 
 
Figure 5-14 Load currents ۃ݅௔ۄଵ in the DP models 
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5.6.2 Twin-Generator System with ATRUs 
In this section, a more complex multi-generator system is simulated and the 
generators supply nonlinear loads as shown in Figure 5-15. The two generators 
are feeding two resistive loads through an 18-pulse ATRU. The generator 
parameters are the same as those given in Table 5-2. Other additional 
parameters are shown in Table 5-3. 
SG1
GCU
k1
TSL
k3
SG2
GCU
TSL
HVDC1
HVDC2
k4
k'3
k'4
TSL
TSL
f1=400Hz
f2=410Hz
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k2
ATRU1
ATRU2
iabc1
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Figure 5-15 Twin-generator system with 18-pulse ATRUs feeding resistive 
loads through HVDC buses 
Table 5-3 Parameter for ATRU system simulation 
ATRU  
Power rate 150kW 
DC-link  
Capacitors Cf1 45uF 
Resistor R1 and R3  
Resistor  R2 and R4  
 
The fundamental frequency of SG1 is set at 400Hz and SG2 is set at 410Hz. 
The initial rotor angle of SG1 is set at ș0=0o and SG2 at ș0=90o. The events for 
the simulation are shown in Table 5-4. 
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Table 5-4 Simulation events in EPS shown in Figure 5-16 
Time  Event 
t=0s Two SGs start from zero initialization 
t=0.1s k1,k2, k3 and N¶3 are closed; SGs start to 
supply their loads separately 
t=0.12s k4, N¶4 are closed; loads change at 
ATRU DC-link side 
t=0.2s k0 is closed; SGs connect and work in 
parallel 
t=0.25s k0 opens; SGs separate 
T=0.35s Simulation ends 
 
The phase A current flowing into the two ATRUs have been shown in Figure 
5-16 and Figure 5-17. Before t=0.1s, there is no load connected and the AC 
currents are equal to zero. When the load is on at t=0.1s, the SGs start to supply 
power to the load and a step of current can be seen in Figure 5-16 and Figure 
5-17. Another step of current can also be noticed at t=0.12s, when there is a 
load step change at the DC-link. At t=0.2s, the two generators are connected 
and the currents start beating until t=0.25s when the two generators are 
separated. The currents from DP and DQ0 models are transformed to the time-
domain three-phase signals in order to compare with the ABC model. It can be 
seen from the zoomed results that three different modelling techniques give 
well matched results during all the simulation period. 
 
The DC-link voltage from different models is shown in Figure 5-18. Before 
t=0.1s, the DC-link voltage remains at 0V as there is no current to charge the 
capacitor. When k1 is closed at t=0.1s, the DC-link voltage goes from 0V to 
540V. A step change can also be noticed when the load becomes larger at 
t=0.12s. This is because the voltage drop in the transmission lines becomes 
larger with the heavier load. When the two generators are connected at t=0.2s, 
the DC-link voltage starts to fluctuate due to the beating current at the AC 
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terminals. In all the simulation period, the results from three different models 
are well-matched. 
 
 
Figure 5-16 Phase A current flowing into ATRU1 comparison between 
different models 
 
Figure 5-17 Phase A current flowing into ATRU2 comparison between 
different models 
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Figure 5-18 DC-link voltage in the ATRU comparison between different 
models 
The currents flowing into ATRUs for the DP and DQ0 models are shown in 
Figure 5-19. When the SGs work separately, the DP and dq components of the 
SG1 current, ۃLDۄ , LG and LT , are dc-like. However, after the frame 
transformation, the DPs and dq components of the SG2 current, ۃLDۄ
 , LG and 
LT , present slowly fluctuating behaviour at f=10Hz. During the period of 
connection, the DPs in two subsystems become equal and fluctuate at f=10Hz. 
This is also true in the DQ0 model; the dq components in the two subsystems 
fluctuate at f=10Hz during the connected SG period.   
 
The computation time for the three modelling techniques is shown in Figure 
5-20. It can be seen that the DQ0 and DP model are significantly faster than the 
ABC model. The computation efficiency of the DQ0 and DP models arises due 
to the dc-like or slowly time-varying variables (10Hz) in the model. The DQ0 
model is faster than the DP model. This is due to the system order of the DP 
model being higher than that of the DQ0 model. 
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Figure 5-19 The current flowing into the ATRUs. Above: The phase A current 
in DP model; below: currents in DQ0 model 
 
Figure 5-20 The computation time comparison between different models. 
Above: computation time of ABC, DQ0 and DP models; below: computation 
time of DQ0 and DP models. 
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5.7 Conclusion 
In this chapter, three modelling techniques, ABC, DQ0 and DPABC models, 
have been implemented for modelling the controlled wound-field SG. In the 
ABC model, the stator is modelled in three-phase coordinates and the rotor is 
model modelled in the dq frame. Transforming the three-phase stator model 
into the dq frame with the d axis aligned to the rotor, yields the DQ0 model. 
The DPABC model is based on the ABC model and all the variables are 
transformed to DPs.  
 
Based on the developed models of the single wound-field SG, the three 
modelling techniques have been extended to modelling multi-frequency multi-
generator systems. The modelling of multi-generator system in the ABC frame 
is straight forward and each subsystem can be modelled independently. The 
developed ABC model is used as the benchmark model in this chapter. The 
modelling of such system in the DQ0 frame and with DPs requires a common 
reference frame, or master frame. All the variables are transformed into the 
master frame. The DQ0 model is used for efficiency comparison studies with 
the DP model. 
 
During the generator start-up and shutdown, the transition of power from/to the 
APU generator to/from the main generator involves the parallel operation of 
two generators. In addition, the multi-generator system is also a future trend for 
the aircraft EPS with DC structures, where the main HVDC bus is fed by 
multiple connected generators with CRUs. 
 
With the multi-frame transformation theory presented, the DP model and the 
DQ0 model can be extended to studying the parallel operation multi-generator 
systems without the assumption of single frequency in the EPS.  
 
When modelling a multi-generator system in the DQ0 frame, the master dq 
frame is chosen to be aligned with the rotor of any of the generators in the 
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system. The whole loading system is modelled in the master frame. The slave 
generators are connected to the system through an interface which transforms 
the variables from the slave frame to the master frame.  
 
The same idea can be used in the DP model. When modelling a multi-generator 
system in DPs, the frequency of one generator is chosen as the master frame 
and all the loading system is modelled in this master frame. The slave 
generators connect to the loading system with an interface which transforms 
the DPs from the slave frame to the master frame. After transformation, the 
DPs in the subsystems exhibit time-varying behaviour at a frequency ¨Ȧ, 
which depends on the difference between the master frame and the slave frame. 
In general, the frequency difference will be small which means that the 
subsystems will have slowly varying DPs. This still allows larger simulation 
steps and accelerated simulations. Comparing with ABC model simulation 
results, the efficiency and accuracy of DP models have been revealed in this 
chapter.  
 
The performance of the multi-frame DP model is executed through comparison 
of simulation results from different modelling techniques: ABC, DQ0 and 
DPABC models. Simulations of the twin-generator system for two different 
loading cases are compared and the results are well-matched with each other. 
 
In this chapter, the different fundamental frequencies of the generators are still 
constant. For the time-varying frequencies, the time-varying DPs introduced in 
Section 2.5 can be used. 
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Chapter 6 
 
Twin-Generator Aircraft Power System 
Studies Using Dynamic Phasors 
6.1 Introduction 
As future commercial aircraft incorporates more EMAs, the aircraft electrical 
power system architecture will become a complex electrical distribution system 
with increased number of PECs and electrical loads. The overall system 
performance and the power management for on board electrical loads are 
therefore key issues that need to be addressed. In order to understand these 
issues and identify high pay-off technologies that would enable a major 
improvement of the overall system performance, it is necessary to study the 
aircraft EPS at the system level, in contrast to looking at the system behaviour 
at individual subsystem or the small-scale system level.   
 
From the work of previous chapters, the DP model library of the main element 
for aircraft EPS simulations has been established. The simulation comparison 
of ABC, DQ0 and DP models has demonstrated the efficiency and accuracy of 
the DP modelling technique with a small-scale EPS level. In this chapter, the 
three modelling techniques will be compared with a more complex system. A 
twin-generator aircraft EPS based on the MOET large aircraft EPS architecture 
will be used for simulation and comparison studies. The system will be 
simulated under both balanced and unbalanced conditions. The efficiency and 
accuracy of the functional DP model for integrative simulation studies of the 
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future aircraft will be demonstrated. 
 
6.2 Description of MOET Aircraft Electrical 
Power System 
In this chapter, the EPS structure based on the MOET large aircraft EPS 
architecture from Airbus France (document WP3.11 architecture V0 [12]). This 
architecture has been briefly introduced in Chapter 1 and redrawn in Figure 6-1. 
In this architecture, the EPS is organized in several main sections: the power 
generation section, the power distribution and conversion section, and the on-
board electrical load section. The primary sources for this system come from 
two gas turbine engines (ENG1/ENG2). Each aircraft engine drives two 
250kVA starter/generators (SG1-SG4). Each generator is controlled by its 
GCU to maintain 230/400Vrms at the terminals. Since the generator is directly 
driven by the aircraft engine, the power system is frequency-wild (360-900Hz) 
reflecting the recent industry trend in moving away from constant frequency 
400Hz power. The electrical power is distributed in AC form through four 
high-voltage AC distribution buses (HVAC1-1, HVAC1-2, HVAC2-3 and 
HVAC2-4). In Figure 6-1, there are three Primary Electrical Power 
Distribution Centres (PEPDC1-PEPDC3) and two Emergency Electrical Power 
Distribution Centres (EEPDC1 and EEPDC2). The PEPDC is used to supply 
the primary electrical loads such as the Wing Icing Protection System (WIPS), 
the ECS, Back-up Batteries (BAT) and other loads. The EEPDC is assigned to 
supply the essential electrical loads for the function of the flight surface control. 
These essential electrical loads require no loss of power for supplying the vital 
electrical loads under emergency. When an emergency occurs, the electrical 
power supply to loads within the PEPDC can be interrupted, given the priority 
to the vital electrical loads for the flight surface control. 
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As shown in Figure 6-1, for the primary electrical distribution centres, the 
PEPDC1 is a multiple-bus electrical system, which consists of a 230VAC bus 
(HVAC1-1), a +/-270VDC bus (HVDC1-1) produced by the ATRU1, and a 
28VDC bus (DC1) fed from a buck-boost converter unit (BBCU1). Similarly, 
the PEPDC2 consists of a 230VAC bus (HVAC2-4), a +/-270VDC bus 
(HVDC2-4) supplied by the ATRU4, and a 28VDC bus (DC2) fed from 
BBCU2. The PEPDC3 consists of two 230VAC buses (HVAC1-2, HVAC2-3), 
two +/-270VDC buses (HVDC1-2, HVDC2-3) produced by ATRU2 and 
ATRU3, and 115VAC buses (AC1, AC2) fed from auto-transformer units 
(ATU1, ATU2).  
 
For the emergency electrical power distribution centres, the EEPDC1 contains 
a 230V AC essential bus (AC ESS1) and a 28V DC essential bus (DC ESS1) 
fed from a battery charge rectifier unit (BCRU), while the EEPDC2 contains 
230VAC essential bus (AC ESS2), and 28VDC essential bus (DC ESS2) fed 
from BCRU2.  
 
The system is generally symmetrical in which each component is operated in 
parallel with an identical component or is used as a back-up by having 
redundant secondary devices for the situation when the primary device fails. 
The subsystem including SG1, SG2, PEPDC1, EEPDC1 and half of PEPDC3 
embodies half of aircraft electrical power system. During normal operation, 
SG1 supplies the power to PEPDC1, EEPDC1, the electrical wing ice 
protection system (WIPS1), and the environmental control system (ECS1) 
controlled by a Motor Control Unit (MCU1). Similarly, SG4 feeds the 
PEPDC2, EEPDC2, WIPS2 and ECS4. The generators SG2 and SG3 supply 
the power to PEPDC3 of which the electrical loads are the ECS2, ECS3 and 
other 115 AC loads. Four batteries (BAT1, BAT ESS1, BAT2 and BAT ESS2) 
are charged during the normal operation conditions and supply power to the 
essential loads through bi-directional converters during loss of main power 
supply. 
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Considering symmetry of the MOET aircraft EPS architecture, this chapter will 
focus on studies of a twin-generator aircraft power system shown in Figure 6-2. 
Such a twin-generator aircraft EPS actually represents half of the system of 
Figure 6-1 and has a reduced component count. However, it contains all the 
component types and is considered of sufficient complexity to illustrate the 
increase in computational efficiency resulting from the DP representations. The 
twin-generator system is divided into two subsystems with each containing one 
generator. These two subsystems are connected by the switch SHVB. The battery 
and other DC loads connected to the 28V DC bus in the PEPDC1 are 
represented by a resistive load fed by the +/-270 DC bus (HVDC1). Two 
identical AC-fed EMAs are supplied from the AC essential bus to represent the 
essential electrical loads for performing actuation functions. The battery and 
other DC loads connected to the 28V DC bus in the EEPDC1 are ignored since 
they consume a small amount of power and do not significantly affect the 
power system behaviour. The 115V AC loads in the PEPDC3 are represented 
as resistors.  
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Figure 6-2 The EPS of the twin-generator aircraft 
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6.3 Models of Electromechanical Actuator Drives 
Before simulating the EPS shown in Figure 6-2, the libraries of ABC, DQ0 and 
DP models still need the model for EMAs. The EMAs will potentially be 
widely used in the future aircraft as the aircraft moves toward the more-electric 
architecture. Depending on the aircraft EPS architecture, the EMA can be fed 
either from a DC or AC bus, as shown in Figure 6-3.  
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Figure 6-3 the structure of DC-fed EMA, AC-fed EMA and ECS 
The AC-fed EMA comprises of a controlled rectifier unit (CRU), a Controlled 
Inverter Unit (CIU) and a Permanent Magnet Synchronous Machine (PMSM). 
The DC-fed EMA is basically a part of the AC-fed EMA without the CRU. 
 
As shown in Figure 6-2, the ECS is essentially a DC-fed PMSM drive system. 
The ECS is one of the largest consumers of electrical power in future aircraft. 
Since there is no engine bleed air available, the ambient air will be pressurized 
via electrical compressors. These compressors are fed by the HVDC buses as 
shown in Figure 6-3.  
 
The model of AC-fed EMAs, DC-IHG(0$VDQG(&6¶VLQYROYHVWKHPRGHOOLQJ
of CRUs and the DC-fed PMSM drive system. The modelling of CRU has been 
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introduced in Chapter 3. This section will focus on the modelling of the DC-fed 
PMSM drive system, which consists of the CIU and the PMSM. 
 
In the DC-fed PMSM drive system, the vector control is selected since it 
allows independent control of flux and torque and has been widely used in the 
motor drive system. The control structure is shown in Figure 6-4. It can be seen 
that the control of machine flux and torque is decoupled. The q-axis stator 
current is used to generate electromechanical torque. The d-axis current is used 
to build up machine flux. Since the rotor of the PMSM is a permanent magnet 
itself, the reference for the d-axis stator current can be set to zero. At this stage, 
we assume that no field-weakening is applied in the PMSM vector control 
system. 
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Figure 6-4 Vector control structure for the PMSM  
Three techniques will be considered in modelling the PMSM drive system 
shown in Figure 6-4, i.e. the ABC model, the DQ0 model and the DP model. In 
the ABC model, the PMSM stator and rotor windings are modelled in the static 
Įȕ frame but transformed to the ABC frame at the terminals using the Įȕ$%&
transformation. The PWM converter in the ABC frame is modelled with or 
without switching behaviour, called a switching ABC model or a non-
switching ABC model respectively. The switching ABC model means that the 
PWM power converter is modelled using real or ideal switches such that the 
switching behaviour is taken into account. The non-switching ABC model 
means the power converter is modelled by a set of voltage and current 
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equations without the consideration of switching behaviour. In the DQ0 model, 
the Įȕ-frame PMSM model and the non-switching ABC model of PWM 
converters are transformed into the DQ frame with the d-axis fixed on the rotor 
of the PMSM. The DP model of the DC-fed PMSM drive system stays the 
same as that in the DQ0 model. This is due to the fact that in DP models, only 
the DC component is considered at the DC side of the ATRUs and CRUs. With 
the DP definition, these DPs are essentially equal to their time-domain values, 
i.e. ۃ[ۄ [. Thus the DC-fed PMSM models in the DQ0 frame can interface 
with the DP ATRU and CRU models directly.  
 
Since the CIU in reality is the same as the CRU, there is no necessity to 
develop an extra model for the CIU in the libraries. The non-switching ABC 
model and DQ0 model can refer to Chapter 4 and will not be detailed here. In 
this section, the PMSM and the switching model of the CIU will be briefly 
introduced.  
 
6.3.1 Permanent Magnet Synchronous Machine 
The PMSM can be either a salient (interior magnet) or non-salient (surface 
mount) PM machine. In general a non-salient machine is assumed, i.e. LdLq 
[27]. 
 
1) ABC model 
The ABC model of PMSM is based on the Įȕ-frame model. The voltage 
equations of the stator circuit in the Įȕ reference frame can be given by  
dt
dirv s DDD
O                                          (6-1) 
dt
d
irv s
E
EE
O 
                                         (6-2) 
where rs  is the stator resistance. The flux linkage of the stator circuit can be 
given by 
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rmmls iLL TOO DD cos2
3 ¹¸
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§                               (6-3) 
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§  
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cos
2
3 STOO EE rmmls iLL                    (6-4) 
where Lm is the magnetizing inductance; Lls is the leakage inductance; Ȝm is the 
peak magnitude of the flux produced by the rotor magnet; șr is the position 
angle of the rotor. The electromechanical torque is written as 
 DEED OOO iiPT me  223                                (6-5) 
where P is the number of poles. The electromagnetic torque and the rotor 
mechanical speed is related by 
 ³  dtBTTJ rmmLerm ZZ 1                        (6-6) 
where J is the rotor inertia; TL is the load torque and Bm is the coefficient of 
friction. The ABC model of the PMSM can be developed based on the 
equations (6-1)-(6-6) using the Įȕ$%&transformation as: 
> @ > @TTTcba xxxxx ED  2/3  2/3  0
5.0    5.0   1
  »¼
º«¬
ª

                (6-7) 
 
2) DQ0 model 
The DQ0 model of PMSM machine has been well-developed in [27]. The 
voltage equations in machine variables are: 
dqrdsd dt
diRv OOZ                                        (6-8) 
qdrqsq dt
diRv OOZ                                        (6-9) 
000 Odt
diRv s                                               (6-10) 
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where the positive current is assumed to be flowing into the PMSM. The flux 
linkages can be written as: 
mddd iL OO                                             (6-11) 
qqq iL O                                                    (6-12) 
00 iLls O                                                    (6-13) 
where Ȝm is the flux linkages established by the permanent magnet. The 
inductance Ld and Lq are 
mdlsd LLL                                              (6-14) 
mqlsq LLL                                              (6-15) 
The electromagnetic torque in the DQ0 model is  
^ `qdqdqme iiLLiPT )(223  O                                (6-16) 
 
6.3.2 Switching ABC Models of PWM Converters 
Though the switching model of PWM converters is not used when simulating 
the EPS of Figure 6-2 due to convergence issues, it is still an essential element 
in the library for small-scale system simulations. In the switching model, the 
IGBT or MOSFET in the converter is modelled using ideal switches in Dymola. 
The PWM control scheme is shown in Figure 6-4. The switching function for 
switches in each leg is complementary and the delay time in the logic 
component is neglected.  
 
In the switching model, the voltage references YD ,YE  and YF  are fed into the 
PWM block, which generates the modulation index ma, mb and mc using the 
scheme shown in Figure 6-5. The magnitude of the modulation index is 
constrained to less than 1 using a saturation block. 
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Figure 6-5 Diagram of the PWM block 
The final switching signal is generated through comparison of ma, mb and mc 
with a triangle carrier (frequency fc), as shown in Figure 6-6. The generated 
pulse train is used to control the on and off state of switches in the converter. 
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Figure 6-6 Three-phase PWM generator 
 
6.3.3 Non-switching Model of PWM Converters 
As mentioned before, due to simulation convergence issues, non-switching 
models of PWM converters are used in the ABC model when simulating the 
EPS shown in Figure 6-2. The development of the non-switching model of the 
CRU is detailed in [76]. The AC terminal voltages of the converter are 
determined by the product of the dc-link voltage and the modulation index. 
Similarly, the dc-link current is a function of the three-phase currents flowing 
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into the converter and the modulation index. The non-switching model of the 
PWM converter is shown in Figure 6-7. 
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Figure 6-7 The non-switching model of PWM converters 
 
6.4 Simulation Studies of a Twin-Generator 
Electrical Power System 
This section will deal with the simulation study of the twin-generator EPS 
shown in Figure 6-2. In order to demonstrate the performance of the DP 
functional model, simulation comparison between the ABC model (the model 
as a benchmark, in the ABC frame with switching behaviour), the DQ0 model 
(the model in the DQ0 frame) and the DPABC model of such a complex 
system is carried out under both normal and abnormal conditions. The library 
of the three modelling techniques was developed using the software Dymola. 
When developing the benchmark model of this twin-generator EPS, the initial 
choice of the benchmark model is to include all the switching behaviour in the 
power electronic devices. Specifically, the IGBTs, MOSFETs, diodes in power 
converters are modelled with ideal controlled switches. Although many trial 
solutions in terms of Dymola solver settings are made, such a switching 
Chapter 6: Twin-Generator Aircraft Power System Studies Using Dynamic Phasors 
171 
benchmark model suffers from numerical stability problems and numerical 
convergence is not possible. In order to obtain a benchmark model which can 
be successfully simulated, all PWM controlled power converters are replaced 
by their corresponding non-switching models. The only switching behaviour 
retained in the benchmark model results from the ATRU. So the benchmark 
model of the individual components with this power system can be 
summarized as:  
x The synchronous generator with GCU control as shown in Figure 5-5.  
x The benchmark model of the three-phase transmission line as shown in 
Figure 2-8.  
x The benchmark model of the ATRU as shown in Figure 3-19.  
x The benchmark model of the CRU as shown in Figure 4-1. The non-
switching ABC model is used for the benchmark due to the convergence 
issues when using switching CRU models.  
x Both the ECS and the EMA are PMSM-based drive systems. The 
configuration of their benchmark models is shown in Figure 6-3 in which a 
full-order vector control is implemented. Again, the PWM converter is 
represented by the non-switching model due to the convergence issues. 
 
6.4.1 Power System Start-up and Normal Operation Studies 
This section presents simulation studies of the power system in Figure 6-2 
under start-up and normal conditions. During the start-up process, the two 
subsystems operate independently. It is assumed that the generators have 
reached the rated speed before the electrical system starts operation. At the 
same time, the generators SG1 and SG2 are set with different speeds and phase 
angles. The asynchronism is due to the fact that the generators are driven by 
different engines whose speeds are not synchronized. Switches SSG1 and SSG2 
are closed at the start of the simulation. This allows GCU1 and GCU2 to 
regulate the voltages on the HVAC1 and HVAC2 buses at 230Vrms. After the 
HVAC bus voltages reach steady state, a series of events RFFXUV 7KH (&6¶V
and EMAs speed up and loads applied as illustrated in Table 6-3.  
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Though the application of DP concept in modelling multi-generator and multi-
frequency system has been demonstrated in Chapter 5 with some simple EPS, 
the developed theory is further tested using the EPS in Figure 6-2. The test is 
implemented by closing SHVB when the two subsystems are fully loaded. The 
two subsystems operate in parallel for a short period and then separate by 
opening SHVB. It is important to point out that this parallel operation is a 
completely artificial case. It is, however, very useful to further validate the 
theory developed in Chapter 5 and to demonstrate the application of DP theory 
in parallel generator case studies in other EPS potential architectures. The 
switches used during the simulation are modelled in Figure 6-8. As can be seen 
DVPDOOUHVLVWDQFHLVXVHGLQWKH³RQ´VWDWHWRUHSUHVHQWWRFRQGXFWLRQORVV7KH
³RII´VWDWHRIVZLWFKLVPRGHOOHGXVLQJDODUJHUHVLVWDQFHWRDYRLGnumerical ill 
conditioning.  
 
Ron=1e-3 Goff =1e-5S
On state Off state
 
Figure 6-8 Modelling of switches 
 
In Figure 6-2, the generators SG1 and SG2 have identical GCU structures. The 
parameters of the generator and its control unit are listed in Table 5-2. The 
transmission line parameters within this system are assumed to be the same as 
those listed in Table 5-2. The ATRU parameters are listed in Table 3-2. The 
parameters of the ECS and the EMA are given in Table 6-1. The power rating 
of elements is shown in Table 6-2 
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Table 6-1 The parameters of PMSM-based ECS¶VDQG(0$V 
Parameters Values Description  
PMSM-based ECS 30kW rated 
Rs  Stator resistance 
Ld 0.207mH d-axis inductance 
Lq 0.207mH q-axis inductance 
ĳm 0.3T The flux of the magnet 
P 2 Pole pairs of the generator 
J 0.156Kgm2 Moment of inertia 
Ĳf 0.01sec Filter time constant 
Ȧn,speed 20Hz (KSȦ=52.24, KLȦ=2050) Natural frequency of speed loop 
Ȧn,current 200Hz (Kpi=0.514, Kiv=326.54) Natural frequency of current loop  
Ȧn* 3000rpm Rated speed reference 
TL 95Nm Rated load torque 
PMSM-based EMA 5kW rated 
Rs  Stator resistance 
Ld 0.54mH d-axis inductance 
Lq 0.54mH q-axis inductance 
ĳm 0.4T The flux of the magnet 
P 3 Pole pairs of the generator 
J 0.05Kgm2 Moment of inertia 
Ĳf 0.01sec Filter time constant 
Ȧn,speed 20Hz (KSȦ=11.18, KLȦ=1752) Natural frequency of speed loop 
Ȧn,current 200Hz (Kpi=2.18, Kiv=3407) Natural frequency of current loop  
Ȧn* 900rpm Rated speed reference 
TL 54Nm Rated load torque 
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Table 6-2 Rated power of equipment in the example EPS 
Equipment Power rating 
ATRU 150kW 
WIPS 60kW 
ECS 30kW 
EMA 5kW 
AC essential bus fed CRU 10kW 
HVAC2 bus fed resistance 9kW 
HVDC bus fed resistance 5kW 
Table 6-3 Simulation scenarios of twin-generator aircraft EPS under normal 
operation conditions 
Time (s) Events 
0.00 Simulation starts. SSG1 and SSG2 closed; GCUs 
starts to regulate vHVAC1 and vHVAC2 to 
230Vrms 
0.15 Switches SATRU1 and SATRU2 are closed 
DC loads on HVDC buses are connected 
0.20 ESC1 and ECS2 start to accelerate to the 
rated speed (3000rpm) 
0.50 Rated load torques applied to ECS1 and 
ECS2 (95Nm) 
0.70 Rated WIPS applied (60kW) 
0.75 WIPS changes from 60kW to 6kW 
0.80
 
EMA1 and EMA2 start to accelerate to the 
rated speed (900rpm) 
0.90 Rated load torque applied to EMA1 and 
EMA2 (54Nm)  
1.00 SG1 and SG2 connected 
1.02 SHVB opens; SG1 and SG2 disconnected 
1.20 Simulation ends 
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In this simulation study, the electrical frequency of SG1 is fixed at 400Hz and 
SG2 fixed at 405Hz. This asynchronism represents the real situation which the 
two generators are driven by different engine shafts. The HVAC bus voltages 
are controlled at 230Vrms. The speed reference and the load torque for the 
ECS and the EMA are set to be zero in the initial conditions. The event 
sequence of start-up of the twin-generator aircraft EPS is also shown in Table 
6-3.  
 
The simulation starts at t=0s. The GCU starts to regulate the HVAC bus phase 
voltage to 230Vrms. After the HVAC bus voltage reaches the steady state, the 
switches SATRU1 and SATRU2 are closed at t=0.15s. The SG1 starts to supply 
ATRU1 through HVAC1 bus. At the same time, the SG2 starts to supply 
ATRU2 through HVAC2 bus. At t=0.2s, the speed reference for two ECS drive 
system is set at 3000rpm and the rated load torque 95Nm applied to these ECS 
systems at t=0.5s. At t=0.7s, the de-icing system starts to run at rated power 
and the WIPS is set at 60kW. After 50ms second, the de-icing process finishes 
and the power requirement of WIPS is reduced to 6kW to maintain the 
temperature of the aircraft wings. The DC-link voltage reference of EMA is set 
to 800V at t=0.6s. The speed reference of the EMA is set to rated speed 
900rpm at t=0.8s with rated load applied at t=0.9s. In order to demonstrate 
parallel operation of the two generators, SHVB is closed at t=1.0s. The two 
generators start to work in parallel for a short period, 20ms, then SHVB opens 
and the two generators work separately again.  
 
Results from the ABC, DQ0 and DPABC models are compared in the 
following figures. The dynamic responses of HVDC bus voltages, vHVDC1 and 
vHVDC2 are shown in Figure 6-9. It can be seen that the voltage vHVDC1 and 
vHVDC2 from 18-pulse ATRUs have very small AC ripple. In most graphs, the 
traces from the three methods override each other. The initial values of vHVDC1 
and vHVDC2 are set at zero. At t=0.15s, the HAVC bus voltages vHVAC1 and 
vHVAC2 are in steady state and controlled at 230Vrms as shown in Figure 6-12. 
The switches SATRU1 and SATRU2 are closed, vHVDC1 and vHVDC2 jump from 0V to 
around 800V. This is due to the inrush current charging the zero-initialized 
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capacitor. The inrush current can be seen in Figure 6-10 and Figure 6-11. This 
large inrush current must be avoided in the real system and a protection 
mechanism is required. Possible ways are either pre-charging the capacitor or 
using a current limiter. From t=0.2s, the ECS starts to speed up and draws 
power from the generator. A ramped voltage drop at HVDC bus can be noticed 
from this point. This is because the PMSM in the ECS draws a linearly 
increasing power from the generator as shown in Figure 6-10 and Figure 6-11. 
The linearly increasing AC currents result in a corresponding ramped voltage 
drop in the transmission lines and hence at the AC terminals of ATRUs. This 
results in a linear decrease of the DC voltages vHVDC1 and vHVDC2. When the 
rated loads of ECS1 and ECS2 are applied, a slight voltage drop can also be 
seen in vHVDC1 and vHVDC2. A voltage drop can also be noticed when the WIPS 
is applied to the system at t=0.7s. The reduction of the WIPS power 
requirement at t=0.75s results in an increase of vHVDC1 and vHVDC2. When SG1 
and SG2 are connected, vHVDC1 and vHVDC2 drops due to the difference between 
vHVAC1 and vHVAC2. When the two generators disconnect at t=1.02s, the two 
subsystems return to the previous steady state before parallel operation. SG2 
starts to supply the whole load system and the system comes to the steady state 
after a short transient period.  
 
Again, it is important to notice that the parallel operation of AC generators here 
is to test the DP theory developed in Chapter 5. The parallel operation of AC 
generators in a real application is much more complex than just connecting the 
two generators using one switch. The active power and reactive load vectors 
have to be synchronised for effective load sharing. As can be seen, the direct 
connection of the two generators actually degrades the system power quality. 
The paralleling of AC generators feeding and controlling a DC bus is, however, 
a possible arrangement having future potential. In that case, several generators 
will supply and share the control of the main HVDC bus through bi-directional 
AC/DC converters. This has the advantage of enabling power management 
between generators and integrating energy storage in the system on a continual 
basis. 
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The vHVDC1 and vHVDC2 from three different modelling techniques are well-
matched as shown in Figure 6-9.  
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Figure 6-9 The dynamic response of vHVDC1 and vHVDC2. Above: response of 
vHVDC1; below: response of vHVDC2  
Since the system is assumed to be balanced, the currents flowing into the 
ATRUs iATRU1 and iATRU2 are represented by the phase A current only. For 
comparison studies, the variables in the DQ0 and DP models are transformed 
to the time domain in the ABC frame as shown in Figure 6-10 and Figure 6-11. 
The magnitude of DPs is also shown in these two figures. The currents iATRU1 
and iATRU2 remain at zero until the load is connected to the HVDC buses. The 
acceleration of PMSMs in the ECS increases the current iATRU1 and iATRU2 from 
t=0.2s. The application of rated ECS load causes steps of iATRU1 and iATRU2. 
Again, it can be seen that the results from ABC, DQ0 and DPABC models are 
well matched during the whole simulation process. The use of an 18-pulse 
ATRU makes the harmonics on the AC current very small as shown in the 
zoomed area in Figure 6-10. The magnitude of DPs ۃL$758ۄand ۃL$758ۄ are 
also shown in Figure 6-10 and Figure 6-11. From these two figures, it can be 
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seen that the magnitudes of ۃL$758ۄand ۃL$758ۄgive the envelope of the 
sinusoidal quantities from the DPABC and DQ0 models.  
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Figure 6-10 The dynamic response of iHVAC1, phase A current flowing into 
ATRU1. Above: iHVAC1; below: zoom-in area of iHVAC1 
 
Figure 6-11 The dynamic response of iHVAC2, phase A current flowing into 
ATRU2 Above: iHVAC2; below: zoom-in area of iHVAC2 
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Figure 6-12 Phase A voltage of HVAC buses, (a) vHAVC1 phase A of HVAC1 
bus; (b) zoomed area of vHAVC1; (c) vHAVC2 phase A of HVAC2 bus; (d) zoomed 
vHAVC2 
The simulation results of HVAC bus voltages vHVAC1, vHVAC2 from ABC, DQ0 
and DPABC models are shown in Figure 6-12. The results from DQ0 and 
DPABC models are transformed into the time-domain ABC frame for 
comparison studies. The zoomed-in area shows a good agreement of results 
during the generator parallel period. The magnitudes of the DPs ۃY+9$&ۄand ۃY+9$&ۄ are shown in the figure. The magnitudes of DPs show the envelope 
of results in the ABC frame. 
 
The speed of PMSMs of ECS1, ECS2, EMA1 and EMA2 is shown in Figure 
6-13. The PMSMs are well controlled by their speed controllers and once more 
agreement between the three modelling techniques is good.  
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Figure 6-13 Dynamic response of drive loads, (a) Ȧr_ECS1 speed of PMSM of 
ECS1; (b) Ȧr_ECS2 speed of PMSM of ECS2; (c) Ȧr_EMA1 speed of PMSM of 
EMA1; (d) Ȧr_EMA2 speed of PMSM of EMA2 
 
Figure 6-14 Comparison of the computation time between three different 
models 
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Table 6-4 Comparison of the computation time between three different models 
Model ABC DQ0 DP 
Simulation time (s) 7983.00 15.44 42.97 
Acceleration  1 517 185 
 
The computation time consumed by the three models is compared in Figure 
6-14 and in Table 6-4. It can be seen that the DQ0 is 517 times faster than the 
ABC model. The DPABC model is 185 times faster than the ABC model. The 
simulation time of ABC model is counted in hours compared with that of the 
DQ0 and DPABC model in seconds. The DQ0 model is about three times 
faster than the DPABC model. This is due to the complexity and the order of 
the DPABC model being higher than that of the DQ0 model.  
 
6.4.2 Fault Condition Studies with SG1 Loss 
This section will discuss one possible scenario in which the electrical power on 
the HVAC1 bus is interrupted due to the loss of SG1, and the subsequent 
power recovery of the HVAC1 bus after reconfiguration of the aircraft EPS. 
 
Table 6-5 Simulation scenarios of twin-generator aircraft EPS under abnormal 
operation conditions 
Time (s) Events 
0.00 Simulation starts; EPS starts up 
« Same as session 6.4.1  
1.00 SG1 loss, SSG1 open 
1.01 SHVB closes and SG2 starts to supply the 
whole system 
1.20 Simulation ends 
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In order to study the impact of the loss of SG1 on the power system behaviour 
under the worst-case scenario, it is assumed that all EC6¶V DQG (0$V are 
operated under full power conditions before the fault occurs. The event 
sequence is shown in Table 6-5. The system goes through the same events as 
those in Section 6.4.1 until t=1.0s. Prior to the loss of SG1 at t=1.0s, the system 
events keep the same as those in the previous session. Once SG1 is lost due to 
an internal fault associated with the generator itself, the switches (SSG1 and 
SHVB) will act to allow the transfer of power delivery from SG1 to SG2. All 
electrical loads originally supplied by SG1 will be powered by SG2 to ensure 
non-interrupted power of the EPS. Since automatic fault sensing is not yet 
implemented in the model, the switches are pre-programmed to change their 
states according to the prescribed scenario. Prior to losing SG1, the SSG1 and 
SSG2 are closed and SHVB is open. In order to mimic the fault scenario regarding 
the loss of the SG1 at t=1.0s, the switch SSG1 is open at t=1.0s. The switch SHVB 
is closed after 10ms (around four cycles of the fundamental frequency). 
 
The HVDC bus voltages are shown in Figure 6-15. The HVAC bus voltages 
are shown in Figure 6-16 and the input currents of ATRUs are shown in Figure 
6-17. The current flowing into EMA1 and the currents of SG1 and SG2 are 
shown in Figure 6-18. The DC-link currents feeding inverters RI (&6¶V DQG
EMA1 are shown in Figure 6-19. The rotor speeds of EMAs and (&6¶V DUH
shown in Figure 6-20. There is a very small discrepancy (note scales) between 
the DQ0/DPABC models and the ABC model. 
 
The loss of SG1 results in a decrease of HVDC1 bus voltage, vHVDC1. This is 
due to the fact that after the SG1 loss, there is no power supply to the HVDC1 
bus; however, the ECS1 is still drawing power from it. In Figure 6-19, the 
positive current idc,ECS1 represents the power delivered from the DC link to the 
PMSM. The decrease of vHVDC1 also results in a short period of an increase of 
current idc,ECS1. This is because the ECS1 behaves as constant power load and 
more current is required with a reduced DC-link voltage. After the loss of SG1, 
the current flowing into the HVDC1 bus iATRU1 and the current flowing out of 
SG1 iSG1 drops to 0A. This implies the power interruption of the power supply 
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from SG1 and the power to the HVDC1 bus. After reconfiguration of the EPS 
at t=1.01s, the HVDC1 bus starts to gain power from SG2 and vHVDC1 recovers 
to around 540V after 40ms. An inrush current flowing into ATRU1 can be 
identified in iATRU1 as shown Figure 6-17 when the SG2 starts to supply 
subsystem1 at t=1.01s. This inrush current is due to the vHVDC1 reducing to 
around 300V and is much lower than its rated voltage 540V. The 
reconfiguration of the system results in the increase of iATRU1 charging the DC-
link capacitor and an increased iSG2, as shown Figure 6-18. This increased 
current iSG2 results in an increase of voltage drop in the transmission lines and 
thus a decrease of vATRU2, as shown in Figure 6-15. The current idc,ECS2, in turn, 
increases with a reduced vATRU2 as shown in Figure 6-19. After a short transient 
period, both vHVDC1 and vHVDC2 settle at around 540V.  
 
 
Figure 6-15 The dynamic response of HVDC bus voltages, vHVDC1 and vHVDC2, 
with SG1 loss at t=1.0s  
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Figure 6-16 The dynamic response of ATRU terminal voltages, vHVAC1 and 
vHVAC2, with SG1 loss at t=1.0s 
 
Figure 6-17 The dynamic response of currents flowing into ATRUs, iHVAC1 and 
iHVAC2, with SG1 loss at t=1.0s  
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Figure 6-18 The dynamic response of currents with SG1 loss at t=1.0s: iEMA1 is 
the current flowing into the CRU; iSG1 and iSG2 are the SG currents  
 
Figure 6-19 The dynamic response of dc-link currents with SG1 loss at t=1.0s: 
idc,ECS1 and idc,ECS2 are the current flowing into the ECS1 and ECS2; idc,EMA1 is 
the current flowing into CIU of EMA1 
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Figure 6-20 The dynamic response of drive speeds with SG1 loss at t=1.0s: 
ȦrECS1 is the speed of ECS1; ȦrECS2 is the speed of ECS2; ȦrEMA1 is the speed of 
EMA1 
Figure 6-20 shows the PMSM speed in ECS1, ECS2 and EMA1 from different 
modelling techniques. The speed of ECS1 stays at 300 rad/s until the HVDC1 
bus voltage vHVDC1 is lower than the PMSM terminal line-to-line voltage. From 
that point, the power cannot be transferred from the converter to the PMSM 
and the speed of rotor in ECS1 starts to decrease. The reconfiguration of the 
system allows ECS1 to recover to the normal condition and the speed returns to 
300 rad/s in less than 30ms. The power loss of SG1 has very little impact on 
ECS2 and EMA1. As shown in Figure 6-20, the speed ripple is less than 0.1% 
of the rated speed. 
The computation time of three different models is shown in Table 6-6. As can 
be seen, both the DQ0 model and the DPABC model are more than two 
hundred times faster than the ABC model in this case. This is because the dc-
like variables in these two models allow larger simulation steps. Specifically, 
the DQ0 model is the fastest model and is 251 times faster than the ABC model. 
The DPABC model, which is 209 times faster than the ABC model, is slightly 
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slower than the DQ0 model. This is due to the higher order of the DPABC 
model.  
Table 6-6 Comparison of the computation time between three different models 
Model ABC DQ0 DP 
Simulation time (s) 8693.76 34.54 41.57 
Acceleration  1 251 209 
 
6.4.3 Line-to-Line Fault Conditions 
The twin-generator aircraft power system is redrawn in Figure 6-21 for 
convenience.  
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Figure 6-21 The EPS of the twin-generator aircraft with line-to-line fault 
occurring at t=1.2s 
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In the previous section, the generator SG2 takes over the entire electrical loads, 
including the loads originally driven by SG1, after the power loss of SG1 and 
system reconfiguration. In such a case, the system is still under balanced 
conditions. It is of interest to study the behaviour of such an EPS under 
unbalanced line fault conditions. In this section, the system behaviour under 
line-to-line fault conditions will be studied. The line-to-line fault is imposed 
between the phase A and the phase B at the transmission line connecting the 
SG2 and the HVAC1 bus. This is the worst fault scenario. Since the fault 
happens at the main AC supplying cables and all the elements in the EPS will 
be fed by severely distorted power. The fault is implemented by using a 0.P
resistor across the phases. 
 
The simulation scenario is shown in Table 6-7. The system goes through a 
series of events the same in Section 6.4.2 prior to the line-to-line fault occurred 
at t=1.2s. Before the fault occurs, the SG2 is supplying power for the entire 
EPS.  
Table 6-7 Simulation scenarios of twin-generator aircraft EPS under abnormal 
operation conditions 
Time (s) Events 
0.00 Simulation starts; EPS starts up 
« Same as in Section 6.4.2 
1.20 A line-to-line fault occurs between the SG2 
and the HVDC2 bus 
1.30 Simulation ends 
 
Figure 6-22 shows the transient response of the three-phase terminal voltages 
of SG2, vSG2. All the results from three different modelling methods are 
transformed to the time-domain ABC frame for comparison studies. It can be 
seen that the voltage of phase A and phase B are identical after the line-to-line 
fault occurs. It can also identify that the harmonics appearing in vSG2 is due to 
the line-to-line fault. Figure 6-23 shows the dc-link voltages of ATRU1, 
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ATRU2 and EMA1. After the fault occurs, vHVDC1 and vHVDC2 reduce to a new 
steady state. The current idc,ECS1 and idc,ECS2 increase to new steady values 
correspondingly, as shown in Figure 6-24. A short period transient of the DC-
link voltage vEMA1 can be noticed after the fault occurs. The CRU can still 
regulate vEMA1 to 800V; however, some small ripples can be identified under 
fault conditions. The three-phase currents flowing into ATRUs are shown in 
Figure 6-25 and Figure 6-26. Before the fault occurs, these currents are 
balanced. However, after the fault occurs, harmonics start to appear in the 
system. As can be seen, results from three modelling techniques are well 
matched before and after the fault occurs. The current flowing into EMA1 iEMA1 
is shown in Figure 6-27. Some discrepancies can be noticed between the 
DPABC model and the other two models. This is mainly due to the error of the 
approximation of the distorted voltage vector angle and its nonlinear sinusoidal 
function values in the DP model of the CRU. The discrepancy of iEMA1 also 
results in the error of vdc,EMA in the DP model as shown in Figure 6-23. 
However, considering the line-to-line fault is the worst scenario for the EPS 
conditions, the accuracy of the DPABC model is still tolerable.  
 
Figure 6-22 The dynamic response of SG2 terminal voltages with a line-to-line 
fault occurring at t=1.2s 
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Figure 6-23 The dynamic response of HVDC bus voltages, vHVDC1 and vHVDC2, 
with Line-to-line fault occurring at t=1.2s.  
 
Figure 6-24 The dynamic response of dc-link currents with line-to-line fault 
occurring at t=1.2s: idc,ECS1 and idc,ECS2 are the current flowing into the ECS1 
and ECS2; idc,EMA1 is the current flowing into CIU of EMA1 
1.19 1.2 1.21 1.22 1.23 1.24 1.25200
400
600
v H
V
D
C1
(V
)
 
 
1.19 1.2 1.21 1.22 1.23 1.24 1.25200
400
600
v H
V
D
C2
(V
)
1.19 1.2 1.21 1.22 1.23 1.24 1.25790
800
810
Time(s)
v d
c,
EM
A
1(V
)
ABC DQ0 DPABC
1.19 1.2 1.21 1.22 1.23 1.24 1.25 1.26 1.27 1.280
50
100
150
i dc
,E
CS
2(A
)
1.19 1.2 1.21 1.22 1.23 1.24 1.25 1.26 1.27 1.28
6.35
6.4
6.45
6.5
i dc
,E
M
A
1(A
)
1.19 1.2 1.21 1.22 1.23 1.24 1.25 1.26 1.27 1.280
50
100
150
i dc
,E
CS
1(A
)
Time(s)
 
 
ABC DQ0 DPABC
Chapter 6: Twin-Generator Aircraft Power System Studies Using Dynamic Phasors 
191 
 
Figure 6-25 The dynamic response of currents flowing into the ATRU1 with a 
line-to-line fault occurring at t=1.2s 
 
Figure 6-26 The dynamic response of currents flowing into the ATRU2 with a 
line-to-line fault occurring at t=1.2s 
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Figure 6-27 The dynamic response of currents flowing into EMA1, iEMA1, with 
a line-to-line fault occurring at t=1.2s 
The computation time of three different models is shown in Table 6-8. During 
fault conditions, the efficiency of the DQ0 model decreases dramatically. It is 
only 2.66 times faster than the ABC model. On the other hand, the DP model 
can still run very fast with good accuracy. The DPABC model in this case is 40 
times faster than the DQ0 model. 
Table 6-8 Comparison of the computation time between three different models 
(for 0.1s fault conditions only) 
Model ABC DQ0 DPABC 
Simulation time (s) 724.5 272.6 8.066 
Acceleration  1 2.66 89.7 
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6.5 Chapter Summary 
This chapter aims at demonstrating the application of the DP concept in 
modelling a large-scale EPS including generators, PECs and motor drives etc. 
A twin-generator EPS under the MOET aircraft power system architecture is 
studied. The main contribution of this chapter is to demonstrate the 
performance of the DP models under both balanced and unbalanced conditions. 
In this chapter, the EPS is simulated under normal operation conditions, 
abnormal conditions with SG1 loss and line-to-line fault conditions. The 
comparison between three different modelling techniques, ABC, DQ0 and 
DPABC models, has been studied. Under balanced conditions, the DQ0 model 
is the most efficient model. However, under line-to-line fault conditions, the 
DPABC model is much faster than the DQ0 model with acceptable errors. This 
merit gives the DP model great potential in studying a large-scale EPS such as 
the EPS in the aircraft, ships, vehicles etc. The DP library developed in this 
thesis allows simulations with different architectures since the EPS element are 
independently developed and can be reused conveniently. 
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Chapter 7 
 
Conclusion 
7.1 Summary 
The More-electric aircraft (MEA) has been identified as a future trend for 
commercial aircraft. Many functions that used to be driven by pneumatic, 
mechanical and hydraulic power will be replaced with electrical power 
subsystems. As a result, a large number of new electrical loads will appear in 
aircraft, for example the ECS, EHAs and EMAs for the flight control and the 
wing anti-icing systems. The increase of the electrical power on board the 
MEA will push the evolution of electrical power system architecture at the 
VDPH WLPH 7KH GHYHORSPHQW DQG ILQDOL]DWLRQ RI IXWXUH (36¶V ZLOO UHTXLUH
extensive simulation studies, under both normal and abnormal conditions, to 
assess overall system performance, the impact of the line faults on the system, 
and system stability and availability issues. Since a large number of power 
electronic converters will be used in the future aircraft EPS, simulations based 
on the switching power converter models will result in large and perhaps 
impractical computation time as well as showing some convergence problems. 
The average model in the DQ frame (DQ0 models) is a very effective way to 
model the EPS under balanced conditions. However, the performance of DQ0 
models decreased severely when the EPS is subject to an AC fault or 
unbalanced condition. This research aims to solve the problem. 
 
In this research, the DP concept is extended to modelling time-varying 
frequency systems as well as multi-generator multi-frequency systems. The DP 
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technique is applied to model the aircraft EPS for the first time. In the DP 
model, the DC, fundamental and higher harmonic components all become dc-
like variables under steady-state conditions. This merit of DP enables bigger 
time steps during simulations under both balanced and unbalanced conditions. 
 
In this thesis, the DP concept has been discussed with different phasors being 
introduced in Chapter 2. The practical way of using DP modelling in the time-
varying frequency system has been discussed and revealed for the first time. 
The move from a constant frequency (CF) system to a variable frequency (VF) 
system has been identified as the future trend. The theory developed in Chapter 
2 allows the DP concept to model VF EPS in the future aircraft. 
 
In Chapter 3, the DP model of uncontrolled rectifiers has been developed. 
Together with the Taylor expansion and the vector theory, the developed DP 
model conveniently embraces higher harmonics (2nd and 6th order) for the 
three-phase diode bridge. The developed model demonstrates good 
performance under both balanced and unbalanced conditions. Based on that 
model, the DP model for multi-pulse rectifier units has been derived and an 18-
pulse ATRU is used to demonstrate the DP modelling procedure. The 
transformer rectifier unit is currently and probably remains an essential element 
in aircraft EPS feeding the main DC bus. The developed DP model is able to 
model the aircraft EPS which uses the TRU feeding the HVDC bus. 
 
In Chapter 4, the DP concept has been extended to modelling of the controlled 
PWM rectifier. It is the first time the PWM converter as well as its controller 
has been modelled in DPs. This type of rectifiers will be widely used in the 
future aircraft due to its bi-directional power flow capability and flexibility. For 
example in the aircraft with DC distribution systems, the PWM converter will 
be used to transform the VF AC power to the DC power. The DP model of this 
converter is an essential part in DP modelling of EPS for future aircraft. 
 
In Chapter 5, the DP technique has been used in modelling a multi-generator 
system. The DP theory is for the first time extended to multi-generator and 
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multi-frequency system. The developed theory allows the study of multi-
generator parallel operations. The parallel operation will be potentially used in 
aircraft with DC distribution systems in which multiple generators or power 
sources may supply a common HVDC bus at the same time. 
 
In Chapter 6, a twin-generator aircraft EPS under MOET architecture has been 
studied. It mainly aims to demonstrate the application of the DP library as the 
result of this research. Simulation comparison between the ABC, DQ0 and DP 
models demonstrates the accuracy and efficiency of the DP model under both 
balanced and unbalanced conditions.  
 
7.2 Future work 
The possible future work that can be developed from this research is listed 
below˖  
x Further development of DP models could cover higher harmonics. In this 
thesis, only the fundamental component is considered in the DP model. The 
higher harmonics, which cause substantial power losses in the system, is of 
great interest for power system studies and can be covered in s future DP 
model library. The DP representation entails assigning DP variables to each 
(dominant) harmonics. Each of the DP variables will be dc-like in steady 
state. Therefore such a DC model is able to model multi-frequency 
transient behaviour very effectively. Since the switching functions are 
dependent on the topology and control of the converters, different 
topologies of converters may result different DP models. The DP model 
with higher harmonics will allow the calculation of power losses in the 
system level and thus optimise the system during the design period. The 
optimized control structure for active rectifiers based on DP models is also 
of great interest.  
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x The DP model for different types of machines also needs to be further 
developed in the library, including the permanent magnet machine and the 
switched reluctance machine. The saturation of machines can also be 
considered in the DP models. In this thesis, the main generator is 
considered to be a controlled wound-field synchronous generator. The 
permanent magnet machine, which has high torque and high power density, 
will be widely used as a starter/generator in future aircraft. The 
development of high speed induction machine also makes this type of 
machine a candidate for starter/generator applications. 
 
x The optimised control structure design for active filters based on DP 
models is also of great interest. The DP model is fundamentally a 
frequency domain model and different harmonics are separated in these 
models. This enables non-linear control theories to be implemented in the 
system. The main function of the active filter is to dissipate the harmonics 
introduced by the distorting load and provide clean line currents. Since the 
energy in different harmonics can be conveniently calculated in DP models, 
the passivity based control can be implemented in the active filter with 
desired harmonics being dissipated. 
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[1] S. Bozhko, T. Yang, and G. Asher, "Application of Dynamic Phasors 
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Conference, Pheonix, AZ, 2012. 
 
[2] S. V. Bozhko, T. Wu, T. Yang, and G. M. Asher, "More-electric 
aircraft electrical power system accelerated functional modeling," in 
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APPENDIX I 
For a time-varying frequency signal with )(tZZ  , The phase-based DP is 
written as: 
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The integration operation in the second term of (A1-4) can be expanded as: 
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Substituting (A1-5) to (A1-4) yields: 
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In the meantime, the differential of the DP ½[¾k is written as: 
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Combing (A1-6) and (A1-7) gives: 
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APPENDIX II 
The Taylor expansion of the DC-link voltage in (3-27) is written as: 
22
,1
33)( qddcqd vvvvvf   S                                    (A2-1) 
The Taylor expansion of (A2-1) is  
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where the Taylor coefficients are: 
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The sinusoidal functions of the voltage vector angle (3-38a) and (3-38b) are 
rewritten as: 
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The Taylor coefficients in equation (3-39a) and (3-39b) are given below: 
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The Taylor coefficients of (3-39c) and (3-39d) are given as 
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APPENDIX III  
A general three-phase fault can be represented by a conductance matrix [88] 
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The three-phase fault currents associated with the general fault can be given by
 
abcffabcf vYi                                               (A3-2) 
The above equation can be expressed in the DQ0 frame as 
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